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ABSTRACT 
A general review of molecular sieve zeolites precedes a more 
specialised account of the properties of the zeolites omega and erionite. 
It is these relatively unstudied zeolites which have been selected for a 
detailed catalytic characterisation utilising the isomerisation of the 
n- butenes and the methyl substituted cyclopropanes as test reactions. 
The resulting product distributions for each zeolite were indicative 
of carbonium ion type mechanisms. A study of the reaction of specifically 
labelled deuteropropene, CD2= CH -CH3, on the catalysts confirmed this 
mechanism and moreover, demonstrated that the intermediate carbonium ion 
was formed in an associative manner involving Brönsted acid sites. 
A gravimetric study of the sorption of reactant and product molecules 
into the zeolites was also carried out. The wide pore zeolite omega 
exhibited rapid sorption and desorption of all three n- butenes and 
methylcyclopropane. Conversely, the rates of sorption of the n- butenes 
into erionite were a function of their dipole moments and structures, 
the order trans but -2 -ene > but -1 -ene > cis but -2 -ene being observed. 
Furthermore, the sorption rates shown by erionite were dependent on the 
ionic composition of the erionite sample. 
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Introduction to Catalysis 
1.1. Historical 
Processes, now described as catalytic, were used by the earliest 
civilisations with nature supplying the catalyst to unsuspecting man. 
Alcoholic fermentation, an enzyme reaction, appears quite commonly in 
ancient Chinese, Assyrian and Egyptian documents. Later, in the 
alchemical Middle Ages, some of the modern ideas of catalysis were 
incorporated in the ideas of the Philosopher's Stone'. 
The first scientific observation of a catalytic transformation 
appears to be due to van Marum2 who, in 1796, reported the dehydro- 
genation of alcohol over silver, copper, lead and tin. Some years 
later, Kirchof3 showed that hot aqueous mineral acids changed starch 
into dextrine and sugar, without themselves being altered by the 
reaction. Subsequently, Davy4 observed that a slightly heated 
platinum spiral, introduced into a mixture of air and a combustible 
gas, became incandescent and caused the slow oxidation of the gas. 
This prompted the preparation of a spongy platinum catalyst which 
precipitated the reaction of hydrogen and oxygen at room temperatures. 
Similar observations over palladium and iridium were reported by 
Dulong and Thenard6. In 1831, Phillips7 took out an English patent 
for making sulphuric acid by oxidation of sulphur dioxide on platinum. 
Phenomena of this kind, in which the presence of a material apparently 
having nothing to do with a reaction but which causes that reaction to 
take place, were coordinated by Berzelius8 under the term catalysis. 
In 1902, Ostwald9 emphasised that a catalyst cannot change the 
equilibrium position in a reversible reaction. He introduced a 
quantitative meaning to catalysis by proposing that the rate of a 
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reaction was a measure of the catalyst activity. By correlating 
catalytic activity with a measurable quantity he laid the foundations 
upon which the modern ideas of catalysis are built. 
1.2. Definition 
Catalysis describes the action of a substance (the catalyst) 
which alters the rate at which a chemical reaction reaches equilibrium 
without appearing in the stoichiometric equation of the reaction. 
The equilibrium attained must be the same as that observed in the 
corresponding thermal reaction. Consequently the catalyst must 
affect both forward and reverse reactions equally. A catalyst can 
only alter the rate of a reaction which is thermodynamically favourable, 
it cannot initiate a reaction which involves an increase in free energy. 
For a given reactant or group of reactants there may be several 
reaction paths leading to different products. By appropriate choice 
of catalyst any one of these paths may be 'selected'. For example, 
formic acid may undergo two alternative decompositions: 
a) HCOOH - H2O + CO2 
b) HCOOH H2 + CO2. 
The first of these reactions is catalysed by oxides such as alumina, 
the second by various metals. 
In general, catalysed reactions may be classified as hetero- 
geneous or homogeneous depending on the phase relationship between 
catalyst and reactants and products. 
1) In heterogeneous catalysis the reaction takes place at 
an interface between two phases. 
2) Homogeneous catalysis involves reaction in which the 
catalyst and reactants are in the same phase. 
This thesis is concerned with heterogeneous catalysis and 
specifically deals with the reactions of gases on solid catalysts. 
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1.3. Heterogeneous Catalysis 
In a heterogeneously -catalysed reaction at least one of the 
reactants must, for some finite time, be attached to the surface of 
the solid catalyst. A large amount of experimental evidence has 
been accumulated showing that adsorption of reactant molecules occurs 
at solid surfaces. 
Berzelius8, the first to define catalytic phenomena and to give 
them their name, did not really furnish any explanation for them and 
found only vague terms with which to characterise the 'catalytic 
force' which he regarded as the cause of reactions of this kind. 
A theory of "contact action" was proposed by Faraday10, whereby 
physical forces of attraction between the catalyst and reactants 
led to increased reaction rates, due entirely to the increased con- 
centrations of reactants in the condensed layer. However, a 
satisfactory explanation of the specificity of catalyst action was 
not given until Sabatier's11 postulation of unstable surface compounds 
as reaction intermediates. In support of this concept, Langmuir12 
proposed that molecules, adsorbed on the surface, were held 
essentially by chemical bonds and that the nature of the adsorption 
depended on the catalyst surface sites. 
1.4. Adsorption 
Two types of adsorption are clearly distinguishable, physical 
adsorption and chemisorption. 
1.4.1. Physical Adsorption 
Physical adsorption can, in principle, occur between all 
gases and solids. The adsorbate molecules are held to the surface 
by weak forces similar to van der Waals forces between molecules. 
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These may be classified as forces associated with 
a) permanent dipole moment in the adsorbed molecule 
b) polarisation of the adsorbed molecule 
c) dispersion effect 
d) the short range repulsive effect. 
Heats of adsorption are low ( 3 - 30 k J mol -1) and similar to the 
latent heat of condensation of the adsorbate. Physical adsorption 
requires little activation energy and is thus rapid and reversible 
at low temperatures. Gases are not physically adsorbed at tempera- 
tures much greater than their critical temperature. 
Since the forces involved are small and non -specific, physical 
adsorption is not considered to be of direct importance to the 
surface catalysed reactions of stable molecules. However, the 
non - selective nature of physical adsorption means that monolayer 
coverage is determined by the cross - sectional area of the adsorbate 
molecules and not by the number of specific surface sites. Hence 
measurement of physical adsorption at low temperatures provides a 
convenient method for the determination of surface areas. This 
is exemplified by the work of Brunauer, Emmett and Teller13 whose 
methods are generally used for surface area determination. 
1.4.2. Chemisorption 
Chemisorption is the result of a chemical reaction involving 
redistribution of electrons between the adsorbate and the adsorbent. 
The bond formed may be either covalent or ionic in character. The 
forces involved in chemisorption are comparable with those leading 
to the formation of chemical compounds. Such adsorption may be 
regarded as the formation of a sort of surface compound, the heats 
evolved ranging from 40 to 400 kJ mol -1. 
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Like other chemical reactions, chemisorption is usually an 
activated process and so it proceeds at a finite rate which increases 
rapidly with increasing temperature. Many chemisorptions are conse- 
quently irreversible especially at low temperatures, due to a slow 
desorption rate. Chemisorption is always confined to a single atomic 
or molecular layer and is invariably specific in nature, for example 
hydrogen is chemisorbed on nickel but not on copper. 
Owing to the large energy changes which it brings about in a 
molecule, chemisorption of one or more of the reactants is considered 
to be a prerequisite of a catalytic reaction. The strength of 
adsorption is important, a too strongly chemisorbed reactant will 
be difficult to remove and may act as a poison, while a too weakly 
chemisorbed reactant may not remain on the surface long enough to 
react. 
Infrared spectroscopy14 and electron spin resonance15 techniques 
have revealed that a gas may adsorb on a surface with the formation 
of a variety of species, often involving considerable rearrangement 
of the molecule. 
1.5. The Mechanism of Heterogeneous Catalysis 
A heterogeneously catalysed reaction may be considered as 
occurring in five elementary steps: 
(1) Diffusion of reactant(s) to the surface from the gas phase. 
(2) Chemisorption of one or more reactant species on the surface. 
(3) Chemical reaction on the surface. 
(4) Desorption of the products from the surface. 
(5) Diffusion of the products away from the surface. 
The overall reaction rate is determined by the slowest of these 
steps. In low pressure laboratory systems diffusion to and from the 
surface is usually rapid compared with the other steps. Nevertheless, 
1 
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diffusion effects may be important in highly porous catalysts where 
an activated diffusion through the catalyst pores may occur. Low 
values for the activation energy are often indicative of such a 
diffusion controlled reaction. 
The energy- reaction path diagram for a unimolecular reaction 
X -> Y is represented in Fig. 1.1. 
Fig. 1.1. Energy - Reaction Path Diagram for a Simple Unimolecular 
Reaction (X -> Y) (Steps (1) - (5) are as described in text) 
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The barriers to chemical reaction with and without a catalyst are 
shown. It can be seen that the overall energy requirement is much 
less in the catalysed reaction than in the thermal reaction. The 
catalytic reaction is therefore faster than the thermal reaction at 
a given temperature and conversely a lower temperature is required 
for the catalytic reaction at a given rate. 
In the surface reaction it is possible to envisage chemisorbed 
species reacting with themselves, with physically adsorbed species 
or with molecules colliding with the surface. Two main mechanisms 
have been proposed to explain the combination of reactants at the 
catalyst surface, namely the Langmuir- Hinshelwood16,17 and Rideal- 
Eley18,19 mechanisms. 
The Langmuir- Hinshelwood mechanism assumes that adsorption and 
desorption processes are in equilibrium. The rate of the reaction 
is determined by the chemical interaction of molecules adsorbed on 
adjacent catalyst sites. The hydrogen -deuterium exchange reaction 
would proceed as follows: 
H H D D H D 
H2 + D2 + 4M M-M-M-M } M-M-M-M + HD 
Most of the reactions to which Langmuir -Hinshelwood mechanisms have 
been applied take place at high temperatures where it is reasonable 
to expect rapid adsorption and desorption. 
A variation in the Langmuir -Hinshelwood mechanism due to Rideal 
and Eley involves interaction between a chemisorbed species and a 
molecule either from the gas phase or held briefly in a physically 
adsorbed layer. The hydrogen -deuterium exchange reaction would 








A full line represents chemisorption and a dotted line physical 
adsorption. 
The exact nature of the surface reaction is difficult to deter- 
mine since the nature, properties and concentrations of various 
chemical species cannot be easily derived from the kinetics of a 
catalytic reaction. Direct information on the nature of surface 
species can be gained using spectroscopic techniques but the results 
are often difficult to interpret. Nevertheless, indirect experi- 
mental methods using deuterium and tracer elements have been found 
useful in elucidation of surface mechanisms20. 
1.6. Catalyst Classification 
A wide range of chemicals, represented by both elements and 
compounds, exhibit catalytic action. Heterogeneous catalysts may 
be divided into two distinct groups: 1) metals and 2) non -metals. 
The former group is comprised largely of the metals of Groups VIII 
and lB, the latter of metal oxides, sulphides, salts and acids. 
The non -metallic catalysts may be further classified according to 
their electrical conductivities into a) semi- conductors and 
b) insulators. 
These three classes of catalyst possess characteristic individual 
functions. The metals are, in general, active for hydrogenation and 
dehydrogenation reactions. The semi -conducting oxides and sulphides 
are good catalysts for oxidation- reduction processes, cyclisation and 
to a lesser extent,hydrogenation. The insulators, which include 
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salts and stoichiometric oxides, are active for a wide variety 
of reactions including polymerisation, isomerisation, cracking, 
dehydration, alkylation, halogenation and dehalogenation. They 
possess very little ability to catalyse hydrogenation or oxidation. 
These catalysts are thought to function through acid sites. 
The reactive properties of different catalyst types may be use- 
fully combined in the formation of dual function catalysts. For 
example, platinum on alumina provides a catalyst active for 
hydrogenation /dehydrogenation reactions and alkene isomerisation. 
This thesis is concerned with catalysts known as zeolites or 
molecular sieves, which may be regarded as highly ordered crystalline 
aluminosilicates. These are active for reactions catalysed by 
insulators and are considered to function through similar acid sites. 
A large number of naturally occurring and synthetic zeolites are 
known and their structures and properties are discussed in detail 
in Chapters 2 and 3. 
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CHAPTER 2 
General Introduction to Zeolites 
2.1. Definition and Occurrence 
With the discovery of stilbite in 1756, Cronstedt21 recognised 
a new group of minerals consisting of crystalline, hydrated alumino- 
silicates of the alkaline earth and alkali metals. As a consequence 
of their intumescent properties these materials were called zeolites 
(Greek; 'zeein' to boil, 'lithos' a stone). 
In 1937, Hey22 defined the zeolites as "a group of crystalline 
solids, hydrated aluminosilicates of mono- and divalent bases, in 




is unity, which are capable of 
losing a part or the whole of their water without change of crystal 
structure, and of absorbing other compounds in place of the water 
removed, and which are capable of undergoing base -exchange ". This 
definition is descriptive and still applicable. 
Zeolite minerals were first obtained from vesicles and fractures 
in basaltic rocks, their formation resulting from precipitation from 
fluids which permeated the basalts. In some occurrences, more than 
one episode of zeolite crystallisation occurred, as at Sasbach, 
Kaiserstuhl, Germany, where faujasite lined the cavities prior to 
growths of tuffs of phillipsite23. In general, the bulk composition 
of the host rock correlates with that of the zeolite. Thus 
mordenite and other silica rich zeolites occur in rocks supersaturated 
in silica whereas faujasite, chabazite and gmelinite occur prefer- 
entially in rocks deficient in silica. 
In recent years zeolites have been found in massive amounts 
in sedimentary deposits. These deposits appear to have been produced 
by the alteration of volcanic ash and other pyroclastic material by 
the action of alkaline lake waters. The variable proportions of 
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minerals observed in the different deposits are a result of sporadic 
volcanic activity, specific geographical location and the chemistry 
of ephemeral lakes. 
All the zeolite minerals known have been found in igneous rock 
but only six commonly occur in sedimentary deposits. These are 
analcime, chabazite, clinoptilolite, erionite,mordenite and phillipsite. 
2.2. Synthesis 
Although the syntheses of certain zeolites had been reported24 
as early as the nineteenth century, positive identification of the 
products was not possible until the advent of X -ray diffraction. 
Barrer25,26 studied zeolite synthesis and, by 1948, had prepared 
several zeolites using a high pressure hydrothermal technique. At 
about this time, a study of zeolite synthesis demonstrated that high 
temperatures and pressures were not necessary in the hydrothermal 
process and that many species of zeolites may be synthesised under 
mild temperature conditions27 
-29. 
Synthetic zeolites are formed by crystallisation of freshly 
prepared metal aluminosilicate gels in the temperature range 298 K 
to about 448 K. The gel is prepared from soluble salts of alkali 
metals by a copolymerisation of individual silicate and aluminate 
species. Depolymerisation by the hydroxyl ions present, followed by 
the rearrangement of the metal ions and the silicate and aluminate 
species yields large numbers of crystalline nuclei. The product 
is a white powder usually consisting of two or more zeolite phases. 
Synthesis of different zeolites is achieved by variation of 
the initial gel composition and the crystallisation temperature. 
The role played by the cation in zeolite formation is demonstrated 
by the fact that many zeolites, which crystallise from a sodium 
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aluminosilicate gel do not crystallise from a similar potassium gel. 
For example, the substitution of K20 for Na20 in an aluminosilicate 
reaction mixture results in the formation of zeolite L instead of 
zeolite y30. 
Zeolites have been prepared in which aluminium and silicon have 
been replaced by other atoms. The substitution of gallium and 
germanium for aluminium and silicon in the A, X and P zeolites was 
reported by Barrer et al31 using gels prepared from aqueous solutions 
of sodium gallate, sodium germanate and aqueous silica sol. Several 
zeolites containing significant amounts of phosphorus incorporated 
in their crystal framework have also been prepared32. In a similar 
manner, iron, Fe3 +, has been substituted for aluminium in the alumino- 
silicate structure 
Although there are no known ammonium or alkylammonium zeolite 
minerals, synthetic zeolites have been prepared from systems con- 
taining quaternary ammonium ions34, in particular the tetramethyl- 
ammonium (TMA) cation. The crystallisation of such zeolites requires 
at least two bases, the alkylammonium base together with alkali metal 
hydroxide. For example, the gel systems incorporating the mixed 
bases, TMA, sodium and potassium hydroxides produce nitrogeneous 
zeolite phases including zeolite omega, and zeolites of the offretite- 
and erionite- type35. 
In general, zeolites produced synthetically are more uniform in 
chemical composition and properties than their natural counterparts, 
most synthetic zeolites containing only one or two different cation 
species. In contrast, the mineral zeolites exhibit considerable 
compositional variation. This is a result of their genesis and 
subsequent alteration by cation exchange and /or recrystallisation 
dependent upon their history. 
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2.3. Structure and Classification 
Although recognised in the eighteenth century as being a unique 
mineral group, the elucidation of the complex structure of zeolites 
did not occur until much later. In 1930, using X -ray crystallography, 
Taylor36 reported the first analysis of the crystal structure of a 
zeolite, analcime. In the years that followed many more zeolite 
structures were characterised37 
-39. 
X -ray diffractional analysis 
was the major source of information although additional data was 
obtained from other techniques including infrared absorption, nuclear 
magnetic resonance, electron spin resonance and Mössbauer spectroscopy. 
The zeolite structure is based on fundamental units in which a 
Si4+ or A13+ ion is tetrahedrally coordinated to four oxygen atoms. 
These tetrahedral units are linked in three -dimensions by oxygen 
bridges to form rings, the size of which are analagous to the size 
of the anions40 thought to be responsible for zeolite growth during 
synthesis. According to Loewenstein41 the alumina tetrahedra only 
link to silica tetrahedra so that no Al -0 -Al bonding occurs and 
consequently the Si /A1 ratio is never less than unity. 
Within the zeolite framework, the presence of aluminium atoms 
tetrahedrally coordinated to four oxygen atoms results in a net 
negative charge which must be compensated for by cations located 
within the interstices of the structure. In natural zeolites the 
cations present are generally the alkali metal (R ) or alkaline 
earth (R2 +) type. 
Classification of the many zeolitic topologies into groups has 
been accomplished according to common features of the aluminosilicate 
framework structure. In the classification proposed by Breck42, 
zeolites have been divided into seven structural groups according 
to the presence of specific arrangements of (Si,Al)04 tetrahedra. 
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These arrangements have been called secondary building units by 
Meier43 and are illustrated in Fig. 2.1. Linkage of these secondary 
building units into chains, layers and polyhedra results in the 
characteristic framework structures of different zeolites. The 
seven groups, with representative zeolite structures, are listed in 
Table 2.1. 








Single 4 -ring S4R 
Single 6 -ring S6R 
Double 4 -ring D4R 
Double 6 -ring D6R 
Complex 4 -1, 
T5010 
unit 







Complex 4 -4 -1, T10020 unit Clinoptilolite, Stilbite 
Table 2.1. Classification of Zeolites (T = (Si,Al)04) 
A number of cage -like, polyhedral units, such as the truncated 
octahedron, can be recognised within certain zeolite framework 
structures. 
a, ß, y, etc. 
These cage -like units are designated by Greek letters: 
The (3-cage or truncated octahedron which is illustrated 
in Fig. 2.2. can be described in terms of four- and six -membered single 
rings. 
The framework structures of zeolites A and X are shown schemat- 
ically in Fig. 2.3. In zeolite A the (3-cages are linked by double 
four -rings to form a cubic structure. The cavity enclosed by such 







The Secondary Building Units 
Found in Zeolite Frameworks 







Framework Structures of (a) Zeolite A and 
(b) Zeolite X. 
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the ß -cages in zeolite X are linked tetrahedrally by double six -ring 
units in a diamond -like array. 
Obviously a large number of zeolite framework structures are 
possible depending on the component secondary building units and 
their position and orientation relative to one another. 
The work described in this thesis is concerned with the Group 2 
zeolites, omega and erionite, the structures and properties of which 
are described in detail in Chapter 3. 
2.4. Ion Exchange Properties 
One of the earliest properties of zeolites to be recognised 
was their ability to effect cation exchange in aqueous solutions, 
leading to an interest in these materials as water -softening agents. 
The cation exchange behaviour of zeolites depends on a number of 
factors including the nature of the cation and the structural 
characteristics of the zeolite. These and other factors are described 
in a qualitative manner by Barrer44. 
The cation exchange capacity is dependent on the chemical compo- 
sition of the zeolite; a higher exchange capacity is observed in 
zeolites of low Si /Al ratio because of the greater number of 
exchangeable cations. An alteration in lattice dimensions often 
accompanies cation exchange in zeolites and in general structural 
collapse occurs before maximum possible exchange is achieved. 
Studies of ion exchange equilibria have supplied information relating 
to structure and the population and distribution of cation sites. 
In aqueous solution a zeolite generally produces a pH slightly 
in excess of 7. Zeolites undergo base -exchange and structural 
collapse of the framework occurs if the pH of an exchanging solution 
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falls below 5. Consequently, in the majority of cases, exchange of 
zeolite cations for protons cannot be achieved by treatment with acid. 
The silica -rich zeolites, mordenite and clinoptilolite are exceptions 
to this, "hydrogen" forms of these zeolites having been prepared by 
acid treatment45,46. 
Replacement of zeolite cations by protons is, in general, achieved 
by firstly exchanging with ammonium ions. Thermal treatment of the 
ammonium- exchanged zeolite at about 673 K liberates ammonia and leaves 
protons situated on oxygens in the lattice. The extent to which this 
decationisation can occur is dependent on the Si /Al ratio of the zeolite. 
A crystalline zeolite completely free of cations can be obtained by 
treating silica -rich Y zeolite in this manner but attempts to achieve 
complete hydrogen exchange of A and X result in structural collapse47. 
If temperatures higher than about 673 K are used to expel ammonia, 
water is lost from two nearby hydroxyl groups in a process termed 
dehydroxylation. The stability of a zeolite against dehydroxylation 
depends on the extent of decationisation48, the decationised zeolites 
being less heat resistant than the sodium forms. 
Decationisation has been shown by Uytterhoeven et al48 and Ward49 
to result in the formation of structural hydroxyl groups which act as 
Brönsted acid centres. Dehydroxylation results in the loss of 
hydrogens and framework oxygen atoms as water with the consequent 
formation of tri- coordinated aluminium oxide Lewis acid sites 
49 
. 
2.5. Dehydration and Stability 
Nuclear magnetic resonance provides information on the state 
of water molecules in hydrated zeolites. Water molecules in the 
larger zeolite cavities exhibit the same pattern as the isolated 
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liquid indicating that molecules in the centres of the large cavities 
do not occupy definite lattice sites. In smaller cavities, however, 
water is known to form hydrated complexes with the exchangeable 
cations50 . The presence of water even in small amounts, has been 
shown to influence the cation distribution 
51 
. Mikheikin et a152,53 




ions, from the large cavities 
of zeolite Y to the sodalite pores, on the removal of water. On 
rehydration the cations migrate back to the large cavities. 
Most zeolites can be dehydrated to some extent (by heating and/ 
or evacuation) without any major alteration to the crystal framework. 
Zeolites with monovalent cations normally dehydrate more readily than 
the multivalent forms for which the bonding in the hydrated complex 
is stronger. The dehydrated zeolites exhibit a high degree of thermal 
stability. A temperature of about 973 K is required to decompose the 
crystal structure of zeolite X although structural collapse occurs in 
the presence of water at lower temperatures30 . It has also been shown 
that the stability of X and Y zeolites to water vapour depends on the 
Si /Al ratio30 and on the nature and extent of cation exchange. Barrer and 
Bratt54 found strontium- and cobalt -exchanged forms of zeolite X to be 
thermally less stable than other monovalent and divalent forms. 
In 1967, McDaniel and Maher55 reported a highly stable material 
obtained by calcining ammonium zeolite Y. The crystal structure of 
this material, termed 'ultrastable' faujasite is retained after heating 
to temperatures in excess of 1273 K. In a series of papers 
56 -60 
Kerr has investigated the thermal and hydrothermal stabilities of 
sodium and hydrogen Y zeolites. He reported that removal of about 
one -third of the aluminium caused considerable enhancement of stability. 
Furthermore, he demonstrated that the atmosphere 
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surrounding the ammonium- exchanged zeolite during the thermal treatment 
altered the stability of the product60. Calcination conditions which 
impeded removal of gaseous products resulted in a product similar to 
the ultrastable faujasite of McDaniel and Maher55. The enhanced 
stability of ultrastable faujasites appears to be a consequence of 
the removal of aluminium from tetrahedral sites by hydrolysis at 
elevated temperatures. 
The enhanced stability at high temperatures and under hydrothermal 
conditions is of considerable significance since these materials may be 
used as a foundation for preparing ultrastable zeolite catalysts. 
2.6. Sorption and Diffusion 
After dehydration the zeolite is a crystalline solid permeated 
by micropores. This intracrystalline pore system readily occludes 
and releases small molecules, the entire crystal adsorbing and 
desorbing on a large scale. The adsorption of a gas or vapour 
depends on the equilibrium pressure, the temperature, the nature of 
the gas or vapour and the nature of the pores within the zeolite 
crystal. When exposed to a gas or vapour, the zeolite cavities 
will adsorb readily until the pore volume is filled; such behaviour 
gives a rectangular- shaped adsorption isotherm. 
The selective adsorption properties of chabazite were discovered 
in 1925 by Weigel and Steinhoff61. Water, ethanol and methanol were 
rapidly adsorbed by the zeolite whereas acetone, benzene and ether 
were excluded. To describe the phenomenon of selective adsorption 
McBain62 originated the term "molecular sieve ". 
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The molecular sieving phenomenon demonstrated by zeolites is 
caused by differences in size and /or shape between the pore apertures 
and the adsorbate molecules. The calculated molecular dimensions 
were originally based on the equilibrium diameter. This was found 
to be unsatisfactory and an improved treatment63 utilised the 
collision or kinetic diameter. This was defined to be the distance 
of closest approach for two molecules colliding with zero initial 
kinetic energy. For long molecules, such as hydrocarbons, the 
critical dimension is the diameter of the smallest cylinder which 
may encompass the molecule when in its most favourable conformation. 
The van der Waals radii of the hydrogen atoms must be included. 
Values of the critical diameters of some molecules are listed in 
Table 2.2. 
Molecule Critical Diameter /nm 
Methane CH4 .408 
Ethane C2H6 .436 




Ethylene C2H4 .407 
Propene C3H6 .495 
Cyclopropane C3H6 .52 
But -1 -ene C4H8 .495 
Trans But -2 -ene C4H8 .495 
Cis But -2 -ene C4H8 .558 
Table 2.2. Critical Diameters of Some Hydrocarbons 4 
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The pore apertures are bounded by oxygen atoms of connected 
tetrahedra and, to a first approximation, the limiting size of the 
pore aperture is governed by the size of the ring. In general these 
rings involve six, eight or twelve oxygen atoms. As the free 
diameters of the six -membered rings are too small(0.28 nm) to allow 
most molecules to pass through them, sorption in zeolites occurs 
primarily through the eight- and twelve -membered rings. These rings 
may assume various configurations according to the structure in which 
they occur65. Hence the free dimensions of the apertures and the 
molecular sieving character vary considerably from zeolite to zeolite. 
The sorption properties of zeolites are strongly dependent on 
the nature and number of cations within the structure. In zeolite A, 
replacement of sodium ions by larger potassium ions effectively reduces 
the pore size, the reduction occurring gradually with increasing extent 
of potassium exchange66. In contrast calcium exchange for sodium 
increases the effective pore size so that molecules not normally 
adsorbed by zeolite A are reaily occluded in the calcium -enriched 
zeolite. 
The mechanism by which a molecule passes through the aperture 
and enters a zeolite cavity is a very complex one. In addition to 
the structure of the molecule and the zeolite aperture, forces of 
attraction and repulsion between the molecules and zeolite framework 
atoms and cations are involved. These and other factors relating 
to the molecular seiving effect have been reviewed by Venuto and 
Landis67. 
Adsorption of a molecule with dimensions close to the diameter 
of the zeolite aperture requires additional energy to surmount the 
potential energy barrier. The deformation of a molecule containing 
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two or more atoms can, within narrow limits, allow the adsorption 
of a molecule somewhat larger than the aperture. Passage is assisted 
by thermal pulsation of the crystal lattice. At a certain character- 
istic temperature for an adsorbate the energy of the molecules is just 
sufficient to overcome the energy barrier. Below this temperature 
the material is not adsorbed. 
The theoretical basis for zeolite diffusion is complex due to 
the existence of zeolite pores, the dimensions of which are close 
to those of the diffusing molecules. Since zeolite particles contain 
both a microporous and macroporous network either, or both, system(s) 
can control the diffusion rate under a given set of conditions. 
Intracrystalline diffusion was shown to be controlling for ethane 
on Linde 4A68, both in powder and pellet form, whereas both types 
of diffusion were significant on Linde 5A 
69 
. 
True zeolitic diffusion occurs within the micropore structure. 
It depends strongly on the properties of the molecule, size and 
shape of the intracrystalline pore, pressure and temperature and 
on the chemical nature of the pore walls. One of the most striking 
characteristics of zeolitic diffusion is its strong dependence on 
temperature. It generally increases exponentially with temperature 
and can be expressed by the Arrhenius type of relationship, 
where 
D = D * e-E 
/RT 
D = Diffusivity 
D *= Constant 
E = Activation energy 
T = Temperature 
R = Gas constant. 
Egn.2.1. 
Activation energies in the range 2 to 80 kJ mol -1 have been reported70 . 
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A hydrocarbon molecule occluded within a zeolite cavity is in 
a region of low potential energy and has considerable freedom of 
movement within that cavity. Diffusion involves the passage of 
the occluded molecule through the windows between adjacent cavities. 
While passing through the windows the freedom of movement of the 
zeolites is severely constrained. There may also be an appreciable 
energy barrier due to repulsive forces. 
Activated diffusion through the intracrystalline channels may 
be the rate controlling process in the adsorption of a gas by a 
zeolite. Under diffusion limiting conditions the process may be 





= Bt1/2 + C 
Qt = Amount adsorbed at time t. 
Q 
0 
= Amount adsorbed at t = o. 
B and C are constants. 
Eqn. 2.2. 
A plot of the amount adsorbed versus t1 should yield a straight line, 
although a foot, resulting from rapid initial adsorption at the 
external surface, may occur near the start of the adsorption. 
Since the process of adsorption involves the liberation of 
heat, the temperature within the zeolite may be substantially 
higher than the surroundings. These temperature effects were 
considered by Eagen et al71 during adsorption of nitrogen on zeolite 
4A and propane on zeolite 5A at 195 K. Increases of 15 K and 60 K 
respectively were recorded. However, in spite of these temperature 
differences, the observed rates of adsorption did not differ 
appreciably from the calculated isothermal case. This was attributed 
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to two compensating effects; as the temperature within the zeolite 
increases, decrease in sorption capacity is accompanied by an increase 
in diffusion rate. 
The diffusion characteristics of zeolites are easily altered by 
ion exchange. Substitution of large cations in the lattice reduces 
diffusivity and may increase the diffusional activation energy. 
This has been demonstrated over several zeolites. In a study72 of 
diffusivity of hydrocarbons in NaY and HY, faster rates of diffusion 
over HY were reported for all hydrocarbons except 2,4,6 trimethyl- 
aniline. The slow diffusion of this molecule was attributed to 
the strong acid -base interaction. Exchanged forms of mordenite 
exhibited a general trend of increasing diffusivity; Ca < K < Ba < Na < Li. 
This trend prompted Barrer and Brook73 to suggest a role of cation 
deformability in determination of diffusivities. 
Although the critical diameter of the adsorbate molecule is 
important in zeolitic diffusion other molecular parameters must be 
considered. All n- alkanes with more than three carbon atoms have the 
same critical diameter. Nevertheless, in zeolite A, diffusivity 
decreases and diffusional activation energy increases with increasing 
carbon number64,74,75. Diffusivities of n- alkanes in zeolite T were 
also demonstrated76 to be dependent on hydrocarbon chain length but in 
a much more complex manner. A more detailed discussion may be found 
in Section 3.1.2. 
Also of importance is the chemical nature of the diffusing molecule. 
Molecules possessing permanent dipoles diffuse more slowly through 
zeolites than non polar molecules of similar size and shape73. 
Interactions between dipoles and cations, present in the zeolite 
channels, lead to hindered diffusion and result in an increase in 
activation energy with the polarity of the molecule. 
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Similarly the presence of unsaturation in a molecule reduces 
the adsorption rate77. Rates of adsorption of 1- hexene and 2- octene 
in zeolite 5A are only about 1/20 those of the corresponding saturated 
molecules. This is a result of the greater ion -induced dipole inter- 
action between the zeolite surface and the Tr- electrons of the double 
bond. 
2.7. Surface Investigations 
Structural hydroxyl groups are not included in the formal 
description of zeolite crystal structure. Hydroxyl groups are 
necessary to terminate the faces of a zeolite crystal at positions 
where bonding would normally occur with adjacent tetrahedral silicon 
or aluminium atoms within the crystal. In addition to these the 
surface may contain hydroxyl groups in place of the usual metal cations. 
The presence of these structural hydroxyl groups has been recognised 
for many years and their nature studied by infrared and nuclear mag- 
netic resonance spectroscopy. 
Investigations utilising infra -red spectroscopy have been the 
subject of reviews by Yates78 and Ward79. For X and Y type zeolites, 
three infrared bands are usually observed. The highest frequency 
band has been assigned to silanol groups either terminating the 
zeolitic lattice or present in amorphous material. The other two 
bands have been attributed to protons bonded to framework oxygens 
at different geometrical locations in the zeolite supercages49. 
The latter hydroxyl groups have been suggested to arise from cation 
hydrolysis80 or deammoniationS1. Corresponding bands, observed in 
a study of ammonium exchanged erionite, were assigned in a similar 
manner 
82 
The existence of two types of hydroxyl group on 
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H- mordenite has been demonstrated. The disappearance of the lower 
frequency group on dealuminisation prompted Eberly et al83 to suggest 
its association with a structural feature of the mordenite induced 
by the alumina tetrahedra. 
The nature of hydroxyl groups and the presence of Lewis acid 
sites on zeolites has been investigated using the infrared spectra 
of adsorbed molecules. Adsorption of pyridine has been used on 
many occasions to differentiate between Brönsted and Lewis acid 
sites. Using this technique three types of acidic sites were 
distinguished84 on cation exchanged mordenite. Lewis sites, Brönsted 
sites and a third type which were attributed to a strong interaction 
between the cation and the pyridine molecule. 
Hattori and Shiba85 have reported the existence of different 
types of acidic sites on exchanged forms of zeolite X although only 
weak Lewis sites were reported on sodium X. In a subsequent study 
of X zeolites, Ward86 demonstrated that the Brönsted acidity of 
calcium and magnesium exchanged X increased with the silica /alumina 
ratio of the zeolite. Ultra -violet spectroscopy of anthraquinone 
and triphenyl carbinol adsorbed on zeolites has also demonstrated 
the existence of protonic and aprotonic sites87. Both Brönsted 
and Lewis acid sites were evident on calcium exchanged X and on 
hydrogen forms of X and Y zeolites. An increase in proton donating 
properties of these zeolites on addition of small amounts of water 
was observed88. Zhandov and Kotov89, using optical electron 
spectroscopy, showed that the concentrations of protonic and aprotonic 
sites in decationised faujasites were altered by thermal treatment 
at different temperatures. 
Wu et al90 have used infrared spectroscopy to investigate the 
organic transformations and associated structural changes during 
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thermal decomposition of a tetramethylammonium offretite. The 
infrared spectra revealed that lattice associated hydroxyl groups, 
confirmed as protonic in nature by their interaction with ammonia, 
were generated from the tetramethylammonium cations. Dissimilarities 
in the environments of the hydroxyl groups were indicated by differences 
in their absorption frequencies. Differences in their retention of 
ammonia demonstrated a variation in acidic strength. Dehydroxylation 
occurred at approximately 773 K resulting in Lewis acid sites. 
A comparison of the adsorption of pyridine and ammonia on 
H- clinoptilolite demonstrated the location of about ten per cent of 
the lattice hydroxyl groups on the external surface. Furthermore, 
Detrekoy et al91 were able to attribute catalytic activity of the 
zeolite to the external surface hydroxyls. In a similar study92 
over exchanged mordenites the active sites were located in the 
channels. Exchange with relatively large cations restrained the 
diffusion of pyridine to these sites. 
Proton mobility of structural hydroxyl groups is necessary for 
their Brönsted acidity and for dehydroxylation of zeolites. 




in nuclear magnetic resonance 
spectroscopy have been used to characterise proton mobility in 
zeolites. 
Investigation of adsorbed species in connection with zeolite 
acidic properties has already been discussed. The nature of 
several other adsorbed species has been studied. An investigation 
of adsorption of benzene and toluene on a cobalt exchanged zeolite Y95 
revealed changes in the spectra from that of the liquid. These were 
attributed to the interaction of the cations and surface oxygens of 
the zeolite with the 7- orbital of the benzene ring, orientated 
parallel to the internal surface. Eberly96 reported loss of double 
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bond character when hex -1 -ene was adsorbed on faujasites. Studies97 
of adsorption of butenes on a sodium hydrogen Y zeolite also showed 
the formation of a saturated species by reaction with a hydroxyl 
group. Ethylene formed no adsorbed species capable of detection 
23Na 
nuclear magnetic resonance spectroscopy of small molecules 
adsorbed on an A type zeolite, demonstrated that the eight -membered 
rings were the preferential centres of adsorption98. 
The presence of reactive intermediates on zeolites has been 
investigated by electron spin resonance techniques. Hirschler et 
al99 reported that benzene, methyl- substituted benzenes and alkenes, 
adsorbed on cation exchanged X and Y zeolites, exhibited electron 
spin resonance signals. Similar signals were observed for benzene 
and its methyl- substituted derivatives adsorbed on hydrogen mordenite100. 
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In a further study investigating the alkenes, 2,2 dimethyl but-2-ene 
and cyclopentene, the spectra observed were attributed to cation 
radicals. 
2.8. Catalytic Properties 
2.8.1 Catalysed Reactions 
A large number of studies using zeolites as catalysts have 
been carried out. For many reactions, especially those of the 
carbonium ion type, the zeolites and amorphous silica aluminas have 
common properties. Activation energies of reactions with the two 
types of catalyst are similar and they respond to promoters and 
poisons in the same way102. Zeolites, however, demonstrate greatly 
enhanced activity for certain reactions when compared with amorphous 
silica alumina catalysts103, This enhanced activity may be explained 
in terms of a greater active site concentration104, there being a 
greater number of highly acidic centres in zeolites than in silica 
alumina catalysts105. The number and strength of acid sites in 
zeolites depends on the extent of cation exchange and the Si /Al 
ratio 
105,106 
The catalytic behaviour of zeolite has been the subject of 
several reviews 
67,107 -110 
and numerous papers. 
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Zeolites catalyse 
a broad spectrum of reactions ranging from double bond isomerisation 
to fragmentation of benzene rings. Venutolll has listed some fifty 
important organic reactions in which zeolites exhibit some type of 
catalytic effect. It is impracticable to include all these reactions 
here and hence aspects of a few selected types will be considered. 
a) Cracking Reactions 
Many workers have studied the activity of zeolites for the 
catalytic cracking of n- alkanes and cumene. The results are summarised 
in a review by Rabo and Poutsma112. Activity is dependent on nature 
and extent of cation exchange. The most active catalysts are those 
which have been ion exchanged with a consequent reduction in their 
alkali metal content. Rare earth exchanged and hydrogen zeolites 
are more active than other cracking catalysts for the cracking of 
n-hexane103, 
Product patterns typical of acidic type catalysts have been 
reported103,114 over multivalent cation exchanged forms. Hydro- 
carbon cracking is generally accepted as passing through a carbonium 
ion intermediate. The necessity of protons was demonstrated by 
Benesi115 who showed that removal of hydroxyl groups, by activation 
at progressively higher temperatures, reduced the n- alkane cracking 
activity. Activity was restored by the readdition of water to the 
zeolite. Ward49 confirmed the correlation between acidity pattern 
and Brönsted acid concentration. 
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Product patterns from n- alkane cracking reactions over alkali 
metal zeolites have been suggested to be indicative of a radical 
type mechanism116. From catalytic results of n- hexane cracking 
over lanthanum X zeolites, Aldridge et al117 that both 
carbonium ion and radical type mechanisms could occur concurrently, 
the relative importance of these depending on pretreatment and 
exchange. A completely exchanged lanthanum X outgassed at less 
than 770 K uses the former and sodium X and a sixty per cent 
exchanged lanthanum X the latter. A product pattern between these 
two extremes was observed with a seventy eight per cent exchanged 
zeolite although the radical type mechanism was approached as the 
outgassing temperature was increased. A similar trend with out - 
gassing temperature was observed for the completely exchanged 
lanthanum X zeolite. 
b) Alkene Forming Eliminations 
Alkene forming eliminations are among the most characteristic 
reactions observed over zeolite catalysts. The alkene is formed 
by loss of a proton from one of two adjacent carbon atoms in a ring 
or chain and loss of a nucleophile from the other. 
The dehydration of alcohols over zeolites has been extensively 
studied. The reaction rate and selectivity of dehydration are 
strongly influenced by zeolite type and the nature of the exchanged 
cation118. The water produced influences zeolite cations and 
promotes carbonium ion type mechanisms. The activity of calcium 
X for tertiary butanol dehydration increased after pretreatment of 
the catalyst with small amounts of water119. A study120 of the 
elimination reactions of 1- chlorobutane and 2- chlorobutane over 
X zeolites revealed a nearly linear relationship between the strength 
of the electrostatic field of the cation in the cages and the activity. 
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For divalent exchanged zeolites the eliminations were found to 
occur by the carbonium ion (El) type mechanism. This is a two 
step mechanism involving initial fission of the carbon -chlorine 
bond forming an intermediate carbonium ion. Over sodium X zeolite 
the concerted (E2) mechanism was preferred although a change to El 
was observed with increasing temperature. The mechanism operative 
depends on the relative strengths of interaction between reactant 
and catalyst. 
For many zeolite catalyst systems the substrate reactivity 
parallels the increasing stability of the carbonium ion formed by 
loss of the nucleophile; tertiary alcohols react faster than 
secondary alcohols which react faster than primary alcohols. 
Polar or ionic intermediates are generally considered to be involved 
in reactions of this type. It has been suggested67 that the function 
of the zeolite is to give assistance to the ionisation or heterolytic 
bond cleavage in the adsorbed substrate (alcohol or halide). The 
nucleophile is rendered a better leaving group by interaction with 
protons in hydrogen zeolites, metal cation fields, lattice defect 
sites or other electron deficient sites. 
c) Reactions of Alkenes 
Zeolite catalysed reactions of alkenes include double bond and 
cis -trans isomerisation, polymerisation and isotopic exchange. 
Activity is again dependent on the nature and extent of cation 
exchange. Sodium X is relatively inactive for the isomerization 
of butene but an increased activity is noted following cation 
exchange121-123. For most zeolites studied, products were indicative 
of a carbonium ion type mechanism although a radical type mechanism 
was suggested over copper123 and nickel124 exchanged zeolites. 
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A correlation has been observed between Brönsted acid site concen- 
tration and o- xylene isomeriation activity over exchanged forms of 
zeolite 
y104'125. 
The isomerisation of cyclopropane over sodium 
and ammonium Y zeolites has also been related to Bronsted acidity126. 
Cis -trans isomerisation was enhanced relative to double bond 
shift when the calcium ion content (acidity) of zeolites was increased127. 
The loading of zeolites with alkali metals has been reported107 to 
produce catalysts which are active for double bond shift but inactive 
for skeletal isomerisation. 
The isomerisations of butene and cyclopropane over zeolites are 
discussed more fully in Sections 4.1.3 and 4.2.4. 
Investigation of olefin polymerisation over synthetic zeolites 
X and A revealed the following order of olefin reactivities; 
isobutene > propene >ethylene128. The calcium exchanged zeolite 
exhibited a higher activity than the sodium form. Products observed 
were consistent with those predicted from an acid catalysed polymer- 
isation. The presence of branched chain alkenes as products over 
all active catalysts prompted Norton to suggest, from size consider- 
ations, that at least the majority of reactions over sodium and 
calcium A zeolites must occur outside the pores. 
The reaction of ethylene over rare earth exchanged zeolites 
at 486 K produced only low molecular weight alkanes as gaseous 
products although a complex mixture of alkylated aromatics was found 
to be trapped within the pores. Venuto et al129 suggested the 
occurrence of a complex series of transformations initially involving 
the acid catalysed polymerisation of ethylene to low molecular weight 
aliphatic polymers. Subsequent intermolecular hydrogen transfer 
and dehydrogenation -cyclisation reactions, accompanied by skeletal 
isomerisation, result in the observed products. Decreasing 
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activity with time of a nickel exchanged zeolite for ethylene poly- 
merisation was attributed to the formation of a similar intracrystal- 
line polymeric material67. 




, are formed from 
isomerisation and polymerisation reactions of hex -1 -ene over rare 
earth exchanged X zeolites at 333 K129. Addition of deuterium 
oxide to these catalysts, followed by mass spectroscopic analysis, 
indicated that substantial transfer of deuterium, from catalyst 
deuteroxy groups to the alkene, had occurred. A carbonium ion type 
mechanism was proposed. An infrared investigation96 of the trans- 
formations of hex -1 -ene over HY zeolite demonstrated the initiation 
of polymerisation and dehydrogenation processes at 423 K to form a 
conjugated polyene. Upon heating to 533 K cyclisation occurs 
resulting in an unsaturated ring structure. 
A study of reactions of low molecular weight alkenes over a 
deuterated decationised Y zeolite revealed that no exchange with ethylene 
occurred at low temperatures130. The observed exchange between 
deuterated ethylene and catalyst hydroxyl groups above 423 K was 
suggestive of the involvement of a primary carbonium ion -like species 
i.e. CD2H -CD2 ®. The occurrence of isotopic exchange and polymer- 
isation of propene at room temperature is in agreement with this 
type of mechanism. 
d) Hydrogenation, Dehydrogenation and Related Reactions 
Most crystalline aluminosilicates have very little intrinsic 
catalytic activity for hydrogenation /dehydrogenation type reactions. 
Metal loaded zeolites, prepared by ion exchange and subsequent 
reduction in situ, have been reported to catalyse hydrogenation131, 
hydroisomerisation132 and hydrocracking reactions133 
-135. 
Correlation of the catalytic activity with the metal surface was 
demonstrated by Penchev et al135 
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who concluded that the zeolite 
aluminosilicate framework mainly influenced the formation of the 
metal surface which determined the activity. 
Sodium and calcium X zeolites exhibited little activity for 
dehydrogenation of n- alkanes. Moderate activity was observed over 
nickel, cobalt,iron or chromium exchanged zeolites136. Enhanced 
activity for dehydrogenation of alkenes to dienes is shown by zinc 
and cobalt exchanged zeolites in the presence of ammonia. The 
large excess of ammonia has been suggested to partially poison acid 
sites and thus inhibit coke formation. 
Many other reactions are known to be catalysed by zeolites 
including condensation and cyclisation, acetal and ketal formation, 
epoxide transformations, electrophilic aromatic substitution, 
Beckmann re- arrangement and amination reactions. 
2.8.2 Shape Selective Catalysis 
Molecular shape selective catalysis by zeolites was first 
recognised in 1960114. By contrasting the behaviour of small pore 
sodium and calcium A zeolites with corresponding forms of zeolite X, 
Weisz et al131 were able to demonstrate both reactant and product 
selectivity. Reactant selectivity occurs when entry to the 
zeolite cavities is afforded to one class of reactant molecules and 
denied to another on the basis of molecular shape and dimensions. 
Product selectivity is observed when, among all the products formed 
within the cavities, only those with the proper dimensions can 
diffuse through the windows and appear as products. Bulky molecules, 
if formed, are either converted to smaller molecules or they eventually 
deactivate the catalyst by blocking the pores. A third type of shape 
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selectivity, restricted transition -state selectivity, occurs when 
certain reactions are prevented because the corresponding transition 
state would require more space than is available in the cavities. 
Neither reactant nor potential product are prevented from diffusing 
through the pores and reactions which proceed through less bulky 
transition states occur without hindrance. 
Reactant and product shape selectivity can be predicted by 
comparison of the molecular dimensions with the pore window diameter. 
It is controlled by the same factors as selective sorption. Diffusion 
is a very important factor in shape selective catalysis. In general 
one type of molecule will react preferentially in a shape selective 
zeolite if its diffusivity is at least one or two orders of magnitude 
higher than that of competing molecular types. The diffusivity of 
molecules completely excluded from the zeolite pores is zero. 
Catalytically active sites are present both in the internal pore 
structure and on the external surface in a ratio of about 100 : 1. 
Internal diffusion could make the interior sites less effective 
resulting in catalysis by the non shape selective external sites 
becoming much more important than warranted by their small number. 
Many examples of product and reactant selectivity have been 
demonstrated with erionite, mordenite and zeolite A. Zeolite CaA131 
and erionite103 have pores large enough to enable n- alkanes, but 
not branched alkanes, to pass through. Hence both these zeolites 
demonstrate selective cracking of n- alkanes in the presence of 
branched alkanes, the products containing essentially no branched 
hydrocarbons. Chen and Weisz137 have extended shape selectivity 
to distinguish between trans and cis alkenes. At 371 K the hydro- 
genation rate constant of trans but -2 -ene over a platinum- containing 
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calcium A zeolite is seven times that of cis but- 2 -ene. 
Cation exchange may alter the shape selective characteristics 
of zeolites. Yashima and Hara138 have shown that toluene dispropor- 
tionates and o- xylene isomerises readily over H- mordenite and Be- 
mordenite but only very slowly over Ca- or Ce- mordenites. The 
large calcium and cerium cations reduce the effective pore radii and 
hinder the diffusion of the toluene or xylene molecules. The pores 
are even more restricted in Na- mordenite. Chen and Weisz137 used 
this property to hydrogenate ethylene selectively in the presence 
of propene as only ethane was able to escape from the pores. 
2.8.3 Mechanism of Zeolite Catalysis 
The majority of reactions over zeolites are thought to involve 
a carbonium ion intermediate. However, a number of theories regarding 
the nature of active sites over zeolites have been proposed. Ward49 
demonstrated the existence of both Brönsted and Lewis sites and con- 
cluded that the acidic hydroxyl groups were the active sites. Turkevich 
et al139 observed a corrleation between catalytic activity and Lewis 
acid site concentration and proposed that the tri -coordinated aluminium 
atoms were the active sites. The cations were considered to be the 
active sites by Pickert et al140. They postulated that the electro- 
static fields, set up by the cations, polarised the hydrocarbon molecule 
to a carbonium ion -like species. Current thinking, however generally 
attributes the catalytic activity of zeolites to their Brönsted acid 
sites, the hydroxyl groups. Correlation between catalytic activity 
and surface hydroxyl groups has been established in a number of 
studies49,91,141. The large number of possible environments for 
the hydroxyl group leads to a wide distribution in zeolite acid 
strength. Only a small number of the hydroxyl groups are sufficiently 
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acidic to be active in catalysis as demonstrated in a study of cumene 
cracking over a deammoniated ammonium exchanged Y zeolite141. In a 
further publication142, Jacobs et al reported that sites of different 
acid strength were required for the disproportionation of toluene and 
the cracking of cumene. 
The catalytic activity depends markedly on the nature and location 
of the cation. Ward143 found the catalytic activity of a series of 
exchanged zeolites to be a function of the calculated electrostatic 
field. He concluded that the polarity of the acid site and hence the 
acidity of the hydroxyl group is influenced by the cations. Other 
workers144, studying the reactions of chlorobenzene and benzaldehyde 
with ammonia, established a correlation between the catalytic activity 
and the electronegativity or amine complex formation constant of the 
cation. 
Very few examples of zeolite catalysis are known which imply 
basic sites. Nevertheless, basic centres have been suggested145 
in the alkylation of toluene with methanol and formaldehyde over 
X and Y zeolites. Although the alkylation of the benzene ring 
exhibited acid catalysed characteristics, the side chain reaction 
was depressed by addition of an acidic reagent and unaffected by 
aniline. The ring and side chain reactions were suggested to 
depend on the catalyst acidity and basicity respectively. 
146 
sites have also been implied in the dehydrogenation of 2- propanol 
Basic 
over potassium, rubidium and caesium exchanged zeolites. This 
reaction was poisoned by addition of phenol whereas the dehydration 
reaction observed over all alkali cation exchanged zeolites was 
poisoned by addition of pyridine. Potassium, rubidium and caesium 
exchanged X zeolites were endowed with acidic and basic sites. 
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The complexity of zeolite catalysis has been succinctly summarised 
by Smith147; "Catalysis by zeolite molecular sieves can be regarded as 
the combined effect of electrostatic fields, reversible proton and 
electron transfer and both spatial and temporal factors. All of these 
contribute to the combined processes of chemisorption and bond weakening 
which constitute the heart of heterogeneous catalysis ". 
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CHAPTER 3 
Erionite and Zeolite Omega 
The work in this thesis is concerned specifically with the 
zeolites erionite and omega (Q). The structure and properties of 
these zeolites are discussed in the following sections. 
3.1. Erionite 
3.1.1. Structure 
Erionite, a fibrous zeolite was discovered in Oregon in 1898148. 
The crinkly, white appearance of the mineral fibres led to the deriv- 
ation of the name erionite from the Greek word for wool. Several other 
occurrences of the mineral have since been reported149,150. 
The aluminosilicate framework structure of erionite, as proposed 
by Staples and Gard151, is illustrated schematically in Fig. 3.1.1.a. 
The hexagonal lattice is composed of columnar arrays of cancrinite 
cages linked top and bottom by double six -ring units. Rotation of 
alternate cancrinite units by 600 gives an ACBCAC sequence to the 
structure. The elongated erionite cavities, having a free length 
of 1.30 nm and a free diameter of 0.63 nm at the mid -girth pinch, are 
stacked along the c- direction. Each erionite cavity is enclosed by 
six eight -membered rings (B,C), two planar six -membered rings (A,A'), 
three assymmetrix six -membered rings (D) and twelve four -membered 
rings (E). (Fig. 3.1.2.a.) 
Direct movement of molecules through the erionite cavities in 
the c- direction is impossible because of the small free diameter 
(0.25 nm) of the six -membered rings at the top and bottom of each 
cavity. Diffusion, however, can occur through the eight -membered 
ring windows, the stereochemistry and free dimensions of which are 


















Line drawing of erionite showing the 
crystallographic parameters 
Fig. 3.1.1. (b) Line drawing of offretite. Stacking sequence 






x = O.52nm 
y = O.36nm 
z = O.37nm 
Fig. 3.1.2. (a) An erionite cavity (Al and Si atoms occupy each 
corner but oxygen atoms are not shown) 
(b) Stereochemistry of an 8- membered ring of an 
erionite cage 
(c) Dimensions of the 8- membered ring. 
Fig. 3.1.3. 
a 
The arrangement of diffusion paths in erionite 
showing the way in which the molecules may move 
along the c- direction and normal to it.152 
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erionite cavities and result in the formation of a long column of 
windows spaced about 0.7 nm apart and angled at 300 to the a -axis. 
(Fig. 3.1.2.a). 
The structure of erionite is such that any part of a diffusing 
molecule must be within an erionite cavity. Entry to and exit from 
the cavities is controlled by the eight -membered ring windows through 
which diffusion may occur, in a zigzag manner, both parallel and per- 
pendicular to the c- direction. The diffusion paths are illustrated 
in Fig. 3.1.3152. 
The framework structure of erionite is very similar to that of 
another zeolite, offretite, and at one time these two zeolites were 
thought to be identical153. The difference between the two structures 
was resolved by Bennett and Gard154 when, using electron and X -ray 
diffraction, they demonstrated that a unit cell length of offretite 
was half that of erionite. Both zeolites are composed of the same 
secondary building units. The difference in unit cell length arises 
as a consequence of the uniform stacking of the cancrinite units giving 
an ABABAB sequence to the structure, as illustrated in Fig. 3.l.l.b. 
This results in the formation of large channels, of free diameter 0.63 nm, 
parallel to the c -axis, permitting the sorption of larger molecules than 
is possible in the erionite structure. A second pore system composed 
of the gmelinite cages exists in which small molecules can be sorbed. 
Synthetic preparations of both erionite35,133,155 and offretite35 
and their intergrowth, zeolite T156, have been reported. Mixed 
based systems containing sodium, potassium and tetramethylammonium 
(TMA) hydroxides have been used35 in addition to systems containing 
only sodium and potassium hydroxides133,155. 
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Analyses of specimens of natural erionite have revealed a complex 
chemical composition, variable even within a single deposit157. In 
addition to sodium, appreciable amounts of potassium and calcium ions 
together with small amounts of magnesium, iron, titanium and calcium 
ions have been detected. Sheppard and Gude157 found rather more than 
two potassium ions per unit cell in all but one of eleven samples 
analysed. Analysis158 of an erionite from Rome, Oregon, indicated 
iron substitution for up to fifteen per cent of the framework aluminium. 
158,159 
Cation exchange studies performed on natural erionite have 
indicated that two potassium ions per unit cell are not exchangeable 
at temperatures below 573 K and that their removal at higher temperatures 
results in a partial disruption of the framework structure. These 
potassium ions must be located within the lattice in positions such that 
they are unable to move during ion exchange. Using X -ray diffraction 
Kawahara and Curien160 located a cation in each cancrinite cage. The 
identification of these cations as unexchangeable potassium ions was 
reported by Gard and Tait Although the position of the other 
cations is uncertain, various sites within the erionite cavity have 
been proposed incorporating bonding to both water and framework oxygens. 
The presence of an unexchangeable potassium ion in each cancrinite 
cage of natural offretite has also been demonstrated161. Magnesium 
ions have been located in the gmelinite cages and calcium ions in the 
wide channels. The hexagonal prisms of offretite contain some calcium 
ions whereas in erionite they appear to be empty. 
An exchange study35 of synthetic erionite revealed that three 
tetramethylammonium (TMA) ions per unit cell did not exchange at 
353 K. These must be located in the erionite 23- hedral cages since 
the structure has no other cavity large enough to accommodate them. 
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One unexchangeable TMA ion per unit cell was located in the gmelinite 
cages of synthetic offretite35,162. 
The templating action of tetramethylammonium (TMA) and potassium 
ions in the synthesis of these zeolites has been suggested35. As 
precursors to crystallisation gmelinite and erionite cages collect 
round TMA ions and cancrinite cages round potassium ions. The zeolite 
framework is subsequently formed by condensation of these units. 
An infrared investigation of ammonium exchanged erionité2revealed 
that calcination at 673 K for one hour removed all the water but 
temperatures of about 873 K had to be employed to remove ammonia. 
This contrasts with ammonium exchanged Y zeolite where the ammonium 
bands were removed at 653 K49. Erionite also exhibits a higher 
thermal stability to dehydroxylation than the Y zeolite. The hydroxyl 
bands observed have been assigned to a siliceous impurity and to 
hydroxyls on two crystallographically different oxygens, one group 
pointing towards the large channel, the other pointing to the inside 
of a six -ring. 
3.1.2. Sorption and Diffusion 
The sorption and diffusion of various hydrocarbons in erionite 
and zeolite T have been investigated74 
,76,133,158,163,164. 
Eberly158 
observed that the sorption properties of natural erionite were profoundly 
affected by ion exchange. Molecular sieving was exhibited by the 
original erionite in that n- alkanes were sorbed while branched and 
cyclic alkanes and aromatics were excluded. Exchange with potassium 
ions prevented even the sorption of n- alkanes whereas exchange with 
calcium ions permitted more n- alkanes to be sorbed. The larger 
potassium ions (0.133 nm for K +, 0.095 nm for Na +) decreased the 
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effective pore diameter while exchange with calcium reduced the total 
number of cations and opened up the channels. Hence erionites from 
various natural deposits would be expected to exhibit different sorption 
properties dependent on their chemical composition. 
In a comparison of n- hexane sorption on natural and synthetic 
erionites Robson et al133 demonstrated considerable differences in 
rate. The higher rate observed on the synthetic zeolite was attributed 
to intergrowths of offretite in the erionite crystals allowing more 
rapid distribution of sorbate. 
The sorption of C5 -C8 n- alkanes in erionite has been reported to 
decrease with increasing molecular weight163. Sorption was not 
completely reversible and the desorption rate was slower than that of 
sorption, the rates of desorption of n- heptane and n- octane being 
virtually imperceptible. In a comparative study of diffusion in 
natural erionite and synthetic zeolite A, the diffusional activation 
energy of ethane in erionite was greater than in zeolite A whereas for 
ethylene the two values were approximately the same. This was explained 
qualitatively by the difference in shape of the windows. The planar 
ethylene molecule can pass through the oval erionite window with about 
the same ease as through the symmetrical A window but the smaller 
erionite window offers greater resistance to the three -dimensional 
ethane molecule. This theory has been substantiated by Barrer and 
Peterson164 who investigated the role of aperture size in chabazite, 
erionite and calcium A by calculating the interaction energy between 
the eight -membered ring windows and an n- alkane chain. Erionite was 
shown to have the greatest interaction energy and calcium A the smallest. 
The variation in interaction energy with changes in oxygen positions of 
the ring, as caused by alteration of the Si /Al ratio, was also 
demonstrated. 
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A study of the diffusion of n- alkanes in zeolite T revealed an 
interesting and complex variation of diffusivity with hydrocarbon 
chain length76. N- octane diffused much more slowly than either 
shorter (C2 -C7) or longer (C9 -C14) n- alkanes and n- dodecane demonstrated 
the maximum diffusity of any of the n- alkanes excepting ethane. The 
authors attributed this diffusivity pattern to the "window effect "103. 
The length of the n- octane molecule is such that it will just fit in 
the erionite cage when orientated along the c- direction. Molecules 
larger than n- octane must assume a configuration with part of the 
molecule extending through an eight -membered ring. This is considered 
to result in a partial surmounting of the energy barrier. There is 
also increased mobility due to partial orientation of the molecule in 
the direction required for migration (the a- direction). A diffusivity 
maximum is obtained at n- dodecane because the length of this molecule 
is such that it can just extend to the extremes of the two eight -membered 
rings defining the unit cell. This results in the total orientation of 
the molecule in the direction of migration. 
A recent investigation165 of the chromatographic properties of 
erionite revealed a pronounced effect of the cation on the separation 
of a mixture of methane, ethane, ethylene and propane. Although 
propane and ethylene are not separated by the natural erionite, 
sodium enrichment or lithium exchange improves the separation properties. 
The order of elution is methane, ethane, ethylene, propane. On the 
potassium enriched erionite, however, propane is eluted before the 
other hydrocarbons. This has been attributed to a decrease in the 
size of the apertures brought about by the relatively large potassium 
ions forcing propane to diffuse along the outside surface of the 
erionite. 
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3.1.3. Catalytic Properties 
Studies of the catalytic properties of erionite have been more 
or less confined to cracking and hydrocracking reactions. The shape 
selective nature of the zeolite was demonstrated in a study of cracking 
of n- hexane, 2 methyl pentane and methylcyclopentane over a hydrogen 
form103, High cracking activity was observed for n- hexane but very 
low activity for the other isomers. The products obtained from 
n- hexane were consistent with the operation of a carbonium ion mechanism 
but, contrary to the majority of zeolites, only straight chain hydro- 
carbons were formed. Any branched molecules produced within the 
intracrystalline structure would be unable to pass out through the 
pores into the bulk phase. 
A further publication166 reported the cracking of n- alkanes of 
various chain lengths over erionite. An unusual product distribution 
compared to that over wide pore zeolites such as zeolite X was observed. 
The product pattern for the cracking of n- docosane (nC22H46) exhibited 
peaks at C11, C6 and C3 while hydrocarbons in the carbon number 
ranges C1 -C2, C7 -C9 and >C12 were absent. Similar patterns were 
observed for the other n- alkanes. In explanation of these results 
the authors suggested the existence of the "window effect ", a phenomenon 
caused by the relative dimensions of cages and sorbed reacting molecules. 
In erionite the apertures controlling passage into or out of the erionite 
cages are the eight -membered ring windows at a distance of 1.54 nm or 
1.82 nm apart, depending on whether the terminal oxygens are included 
or not. The lengths of C10 -C12 molecules (1.53 nm, 1.66 nm and 1.79 nm) 
nearly equals this distance enabling these fragments to bridge across 
two windows and consequently to preferentially pass through the crystal 
unchanged. Fragments in the C7 -C9 range undergo secondary reactions 
and do not appear as products. Chen and Garwood134 observed a similar 
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pattern for hydrocracking rates of various n- alkanes over a dual 
functional erionite catalyst. The plot of relative rate constants 
against carbon chain length exhibited two maxima, at C6 and at C10 
-C11 
respectively, and a minimum at C8. 
The diffusivity maximum at C12 and minimum at C8, reported by 
Gorring76 over zeolite T, correspond well with these catalytic data. 
It can therefore be concluded that the diffusivities of the n- alkanes 
in erionite determine the reaction rates and the product patterns of 
cracking and hydrocracking reactions. Long chain hydrocarbons are 
initially cracked to a mixture of shorter chain hydrocarbons similar 
to that over large pore zeolites. As a consequence of the erionite 
structure n- C7, -C8 and -C9 are effectively trapped in the cages. 
As they diffuse more slowly than shorter or longer product molecules 
they spend more time within the zeolite and hence react further to 
C3 and C4 fragments. N -C11 and n -C12 diffuse out of the erionite 
rapidly and hence escape secondary reaction. 
Diffusion control of reactions may be revealed by comparison of 
activation energies. From diffusion and reaction analysis the 
observed activation energy is expected to be one -half the sum of the 
activation energy for the reaction and that for diffusion. In 
normal catalysts the activation energy for diffusion is significantly 
lower than that for reaction and consequently the observed activation 
energy may be approximated to one -half that of reaction. Hence an 
apparent activation energy of 60 kJ mol -1 for n- hexane cracking over 
H- erionite compared to that of 120 kJ mol -1 over silica alumina catalysts 
was considered to be indicative of a diffusion limited reaction over 
H- erionite103. Furthermore, over H- erionite, the apparent activation 
energy for n- hexane cracking is about one -half that for 2- methyl 
pentane167, Chen suggested that the intracrystalline reaction was 
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diffusion controlled and that the small amount of cracking of 2- methyl 
pentane occurred on the external surface. These arguments indicating 
diffusion control must be used with caution in zeolite systems where 
the activation energy of counterdiffusion may be quite high. For 
example, if the activation energy for counterdiffusion were 80 kJ mol -1, 
compared to 10 kJ mol -1 for diffusion, and 120 kJ mol -1 for reaction, 
the observed activation energy would be (80 + 120)/2 = 100 kJ mol -1, 
not 65. Therefore when activation energies for counterdiffusion are 
high the one -half argument is invalid. 
Recently, Rollman168 has investigated the behaviour of common 
acid zeolites using a five component mixture. The shape selective 
zeolites examined, erionite and ferrierite, exhibited low coking and 
aging tendencies in comparison with the wide pore zeolites. It was 
suggested that this was a consequence of the inability of the cyclo- 
alkane coke precursor to form within the restricted pore system of 
the shape selective zeolites. 
The treatment of both natural and synthetic erionites to yield 
improved catalysts has been the subject of several patents. Chen 
et al169 claim to have produced a zeolite with improved shape selective 
properties by treatment of an erionite -type zeolite with sulphur or a 
sulphur- containing compound, followed by aqueous exchange with a 
Group VIII transition metal. Other workers170 have patented a method 
of reducing the potassium content and hence increasing the cracking 
activity of erionite by calcination followed by ion exchange. 
Calcination apparently causes the removal of potassium from the 
small cages by migration of calcium within the crystal. Subsequent 
ion exchange removes the potassium ions from the large cages. 
According to the authors reduction in potassium content does not 
detrimentally affect the structure of the crystal lattice and a 
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hydrogenation -dehydrogenation component may be incorporated to yield 
a useful dual functional catalyst. Activation of erionite by 
ammonium exchange and steam calcination results171 in catalysts active 
for hydrocracking reactions in the presence of a hydrogen atmosphere 
but in the absence of any hydrogenating component. 
H- erionite prepared from a natural erionite has recently been 
used in conjunction with rare -earth exchanged HY zeolite in the 
preparation of a highly active, selective and stable hydrocarbon 
conversion catalyst172. Improved activity and selectivity compared 
to rare -earth exchanged Y zeolites were demonstrated. 
3.2. Zeolite Omega 
Zeolite omega (0) is a synthetic molecular sieve with, as yet, 
no known natural analogue. 
3.2.1 Structure 
The structure of the aluminosilicate framework of zeolite Q, 
as proposed by Barrer and Villiger173 from X -ray powder data, is 
illustrated in Fig. 3.2.1. The hexagonal type structure is composed 
of gmelinite cages (14- hedra) linked both laterally and longitudinally. 
Small cavities are produced by the lateral joining of these units by 
oxygen bridges. Longitudinal linkage occurs by sharing six -membered 
ring faces and results in the formation of long columns of gmelinite 
cages parallel to the c -axis. The lateral joining of six such columns 
leads to the formation of the main channels, running parallel to the 
c -axis and circumscribed by 12- membered ring windows. (Fig.3.2.2.). 
The free diameter of these channels ("O.75 nm) is such that large 
molecules like cyclohexane are readily sorbed. A second two - 
dimensional channel system, running in planes perpendicular to the 
Fig. 3.2.1. Framework structure of zeolite 2 
(Al or Si is positioned at each 
corner and oxygens lie about halfway 
between adjacent corners). 
Fig. 3.2.2. Projection of the structure of zeolite 2 
in the plane normal to the c axis showing 
the linking of 6 gmelinite cages to form 
the wide central channel. 
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c -axis, is formed by linkage of the gmelinite cages through distorted 
8- membered rings. Access to this system is only possible at the 
surface and there is no easy passage from any of these layers of 
channels, normal to the c -axis, to a layer above or below. 
A typical sample of zeolite S2 contains approximately eight cations 
per unit cell of which six are sodium and two are tetramethylammonium 
(TMA) cations. Location of the TMA cations in the gmelinite cages was 
postulated from diffraction data173 and later confirmed by their inability 
to exchange with ammonium174 or sodium35 ions. As several exchanges with 
ammonium ions were necessary to exchange all the sodium ions it was con- 
cluded that these ions were not located in the main channels as this 
would facilitate easy exchange. Sites in the gmelinite cages or in 
the small cavities between them have been suggested. 
3.2.2. Synthesis 
The synthesis of zeolite S2 was first patented by Flanigen and 
Kellberg175. Several groups of workers35,174,176 have since reported 
its crystallisation from alumina -silica gels of suitable composition 
in the presence of appropriate amounts of water, sodium hydroxide and 
tetramethylammonium (TMA) hydroxide. The amount of TMA ions present 
in the parent gel controls both the silica /alumina ratio and the 
proportion of TMA in the resultant zeolite. Zeolite S2 has not, as 
yet, been prepared in the absence of TMA cations. Suitable gel 
cation fractions of TMA (0.05 -0.25) result in silica alumina ratios 
between 6.9 and 7.9 and a TMA cation content of 1.55 to 2.05 per unit 
cell. The maximum number of about two TMA ions per unit cell indicates 
a strong selectivity of those ions for the gmelinite cages, only a small 
fraction being located in the main channels. This fact, together with 
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the inability of zeolite SZ to form in the absence of TMA cations, 
suggests a templating action of these ions in the crystallisation 
of zeolite Q. Other small ions, such as sodium, which occupy the 
smaller cavities are necessary to neutralise the charge and allow 
zeolitisation to proceed. 
3.2.3. Pyrolysis 
Evidence for two different TMA cationic sites in zeolite S2 
was acquired from a pyrolytic study174. Differential thermal analysis 
and differential thermogravimetric analysis of zeolite Q indicated that 
decomposition of the TMA cations occurred at two different temperatures. 
Furthermore the vacuum pyrolysis products at these temperatures were 
indicative of TMA cations in both restricted (gmelinite cages) and 
unrestricted (main channels) locations. The major products of 
pyrolysis at the lower temperature are methanol and trimethylamine 
corresponding to decomposition of TMA ions in the non -restricted main 
channel. These decomposition products are unable to escape from the 
gmelinite cages and must undergo further degradations until small 
molecules have formed which can escape by activated diffusion. These 
high temperature pyrolysis products include hydrogen, methane, carbon 
monoxide, acetylene and ethylene. The small amount of oxygenated 
product detected was attributed to some dehydroxylation of the 
framework. The TMA cations in the gmelinite cages can only be 
removed by thermal treatment at 773 -873 K both in oxidising and 
inert environments. Using X -ray diffraction, Aiello and Barrer35 
reported zeolite Q to be stable to about 973 K at which temperature 
the structure collapsed to an amorphous product. Cole and 
Kouwenhoven174, using the same technique, detected a loss of crystal- 
linity between 1023 and 1083 K. 
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Calcination of ammonium exchanged TMA 0 resulted in decomposition 
of both ammonium and TMA cations176. Differential thermal analysis 
and differential thermogravimetric analysis indicated overlap between 
cation loss and dehydroxylation. Infrared spectroscopy and X -ray 
diffraction patterns of samples calcined in air at different temperatures, 
showed that although the intensity of zeolitic hydroxyl groups was greatest 
at 873 K the zeolite appeared amorphous at that temperature. Weeks 
et al176 concluded that loss of TMA cations apparently results in 
crystal collapse prior to dehydroxylation. The stability of the 
ammonium exchanged zeolite 0 appeared to be less than the 
original sodium zeolite. 
The decomposition products of TMA cations in TMA 
-Q174 
and TMA- 
offretite90 have been analysed and reaction pathways postulated90. 
In both zeolites most of the TMA cations are encapsulated and must 
be broken down into smaller fragments before they can be removed. 
Studies over TMA- offretite90 demonstrated the role of the TMA cation 
as a proton precursor, hydroxyl groups being generated as a direct 
consequence of the TMA cation decomposition. These hydroxyl groups 
decrease in number with further calcination, complete dehydroxylation 
being achieved by evacuation at 873 K. 
3.2.4. Sorption 
After outgassing zeolite 0 sorbs cyclohexane173, isobutane, 
neopentane, (C4F9)3N177 and benzene174. Shape selective sorption 
of n- hexane and 2,3 dimethylbutane was not observed35. 
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3.2.5. Catalytic Properties 
Very little work concerning the catalytic properties of zeolite 
0 has been reported. Cole and Kouwenhoven174 investigated the 
isomerisation and hydrocracking activity of the hydrogen form of 
zeolite containing some platinum or palladium and reported 
moderate alkane isomerisation activity for catalysts containing less 




In this thesis isomerisation of n- butenes, substituted cyclo- 
propanes and specifically labelled propene over erionite and zeolite S2 
have been investigated to enable elucidation of the reaction mechanisms. 
This chapter provides a general introduction to these isomerisation 
reactions and the information which may be gleaned from their study. 
4.1 The Isomerisation of n- Butenes 
The thermal and catalytic isomerisation of the n- butenes has been 
a subject of study for many years. A considerable amount of information 
concerning this reaction has been accumulated and a great deal known about 
possible mechanisms. Measurement of initial product ratio may provide a 
useful guide to the type of mechanism involved as will be shown in the 
following sections. 
4.1.1. State of Adsorbed Alkene 
In a study of hydrogenation of unsaturated hydrocarbons on 
transition metal catalysts Bond and Wells178 postulated the existence 
of two fundamental types of adsorbed alkene; 1) u- adsorbed and 
2) Tr- adsorbed. 
The a- adsorbed alkene involves a rehydbridisation of the double 
bond carbon atoms from sp2 to spa hybridisation followed by formation 
of two a -bonds with the surface: 
RHC - CHR' 
RHC = CHR' + 2* -4- I I 
* * 
Two forms of Tr- adsorbed alkenes are possible, 
1) involving the formation of a it -donor bond with the surface and 
retaining sp2 hybridisation: 
RHC = CHR' 
* 
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and 2) involving a rr -allyl adsorbed species and possible only with 
alkenes possessing one or more a methylenic hydrogen atom(s): 
* + RHC = CH-CH2R' H RHC-CH-CHR 
In the rr -allyl adsorbed species all the atoms and groups R and R' are 
coplanar, in a plane parallel to the surface. Therefore, the Tr- methyl 
radical formed from a butene molecule will exist in syn and anti conform- 
ations: 
CH CH CH / \ / \ 
CH CH2 CH CH2 
CH3 
anti syn 
Free rotation of rr -allyl adsorbed species is prohibited. 
4.1.2. Types of Mechanism 
Considering the types of adsorbed species described in the 
previous section two possible mechanisms of alkene isomerisation have 
been defined178. 
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1) Involving either a- diadsorbed or Tr- adsorbed species, in which 
isomerisation would occur by addition of hydrogen followed by subsequent 
elimination. 
+H -H 
RHC ==CH-CH2R' -} RH2C -CH -CH2R' RH2C-CH 
i.e. double bond migration 
+H -H 
RHC=CH-CH2R' -} RH2C-CH-CH2R' -} RHC=CH-CHR' 
* 
i.e. cis -trans isomerisation 
It is apparent that both double bond shift and cis -trans isomerisation 
involve the same freely rotatable intermediate. 
2) Involving a rr -allyl adsorbed species, isomerisation occurring by 
elimination of hydrogen followed by its replacement. 
-H +H 
RHC=CH -CH 2R - - > RHC-CH-CHR' } RHC-CH=CHR' 
1 --T --- I 
* * * 
As a consequence of the hindered rotation of the Tr allyl adsorbed 
species cis -trans isomerisation must occur through the double bond 
shift as shown. (Fig. 4.1.1.). 
Fig. 4.1.1. 
CH3 
CH2= CH- CH2 -CH3 












Trans But -2 -ene 
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4.1.3. Influence of the Catalyst 
The initial product ratio of the reaction can supply information 
on the mechanism and nature of the catalyst. This has been demonstrated 
by Cvetanovic and Foster179, who, in an attempt to correlate selectivity 
with catalyst type, compared product ratios for a series of basic and 
acidic catalysts. They concluded that in general the isomerisation 
of butenes occurred in a selective manner and that, although a complete 
range of selectivity existed between the extreme cases, it was possible 
to divide the basic and acidic catalysts into two groups. 
a) Acidic Catalysts 
It is generally accepted that the double bond isomerisation of 
n- butenes is catalysed by acidic catalysts at comparatively low 
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temperatures. Early workers suggested that the isomerisation 
occurred via a secondary butyl carbonium ion. Turkevich and Smith180 
proposed a "hydrogen switch" mechanism, in which the double bond is 
shifted by simultaneous fission and formation of carbon hydrogen bonds. 
This concerted mechanism does not allow for direct cis -trans intercon- 
version. 
The preferential formation of cis but -2 -ene from but -1 -ene over 
silica alumina and alumina, observed by Haag and Pines181 and Lucchesi 
et al182, could not be accounted for by conventional carbonium ion 
theory. In explanation, Haag and Pines181 a mechanism 
involving rapid formation of the secondary butyl carbonium ion with 
proton elimination occurring after the slow rearrangement to a rr- complex. 
(Fig. 4.1.2.) 
C` 





C C V C / / 
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C C C C 
H+ H+ 
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Cis But -2 -ene But -1 -ene 
C 
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The energies of the Tr- complexes are cis < trans _ but -1 -ene accounting 
for observed product ratios. Conversely Lucchesi et al182 postulated 
a mechanism in which the trans alkene is formed from the corresponding 
cis isomer via a non -classical carbonium ion: 
But -1 -ene Cis But -2 -ene ` Trans But -2 -ene. 
Leftin and Hermana183 also suggested that direct cis -trans inter- 
conversion did not take place over a silica alumina catalyst. The 
mechanism postulated by these workers involved formation of an allylic 
carbonium ion by hydride abstraction. (Fig. 4.1.3.) 
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In an extensive study of the isomerisation of n- butenes over 
silica alumina and alumina 
184 -188 
all reaction rates in the triangular 
scheme illustrated in Fig. 4.1.4. were found to be significant. 
Fig. 4.1.4 . 
But -1 -ene 
T 
Cl \\ 1T 
k 
CT 
Cis But -2 -ene Trans But -2 -ene 
k 
TC 
The only intermediate considered in the literature which will provide 
a direct pathway between the three isomers is the secondary butyl 
carbonium ion. This was invoked for the reaction over silica alumina. 
Product selectivity was attributed to the difference in energy barriers 
interconnecting the carbonium ion and products. The much more complex 
nature of the reaction over alumina was attributed to operation of 
several mechanisms on different sites. 
Work by Ballivet et al189 confirmed the triangular reaction 
scheme over silica alumina catalysts of different aluminium contents. 
The change of selectivity with catalyst acidity was attributed to a 
change in the nature of the activated complex. It was suggested that 
in addition to the classical secondary butyl carbonium ion mechanism 
a concerted mechanism, corresponding to that proposed by Turkevich180, 
may be involved on weak acid catalysts. 
In a study of n- butene isomerisation over a series of metal 
sulphates Misono et al190 concluded that activity and selectivity 
of cis -trans isomerisation over double bond shift increased with 
191 
increasing acid strength of the catalyst. In a further publication 
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they reported that activity and selectivity were determined principally 
by the differences in energy barriers. The increase in but- 2 -ene/ 
but -1 -ene ratio with increasing acidity was ascribed to the decrease 
in height of the energy barrier of but -2 -ene formation relative to 
that of but -1 -ene formation. This is a consequence of the increased 
stability of the secondary butyl carbonium ion with increasing catalyst 
acidity. 
Published literature on n- butene isomerisation over zeolites is 
122- 124,192 
confined to zeolites X 
Y193 -196 
and clinoptilolite91. 
The triangular reaction scheme has been demonstrated together with 
the first order nature of all six reaction paths. 
Investigations using sodium Y zeolite, in which the extent of 
exchange of sodium by hydrogen correlated well with the isomerisation 
activity, implied operation of a Brönsted acid mechanism. This was 
substantiated by evidence from tracer experiments in which one 
hydrogen or deuterium atom was exchanged per isomerisation. Other 
studies194 indicated that pure sodium Y zeolite, containing no 
impurities or cation deficiencies, is inactive for n- butene isomeris- 
ation. Small amounts of divalent cation exchange or decationisation 
increase the activity and alter the product selectivity. Both of 
these effects have been attributed to an increase in the acidity of the 
zeolite. Similar results were obtained over an ammonium- exchanged Y 
zeolite pretreated at different temperatures195. The selectivity 
has been suggested195 to stem from a true carbonium ion catalysed 
reaction (cis -trans isomerisation) and a concerted mechanism (double 
bond shift). As the catalyst acidity decreases the reaction will 
appear more concerted, proton addition becoming slower and elimination 
more rapid. The supercage hydroxyls of hydrogen Y zeolite have been 
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demonstrated to be the active sites for n- butene isomerisation although 
there is some evidence of the surface residue playing an active role. 
Isomerisation of the n- butenes has been investigated over various 
cation exchanged forms of zeolite X 
122- 124,192 
. The parent zeolite, 
sodium X, was found to be catalytically active in the temperature 
range 473 -573 K. Exchange of sodium for a variety of cations caused 
significant increase in activity and in some cases altered product 
selectivity. The majority of zeolites studied showed cis /trans ratios 
close to unity which is indicative of a carbonium ion mechanism. In 
substantiation of this, enhancement of activity by addition of deuterium 
oxide was observed. Both copper and nickel exchanged samples exhibited 
cis /trans ratios significantly less than one which suggests a radical type 
mechanism123,124. Moreover, addition of deuterium enhanced the activity 
whereas deuterium oxide had no such effect. 
Virtually no n- butene isomerisation activity is demonstrated by 
K- clinoptilolite91. The activity of the ammonium exchanged zeolite 
increases rapidly with pretreatment temperature until all the ammonia 
is removed, then remains constant until the structure begins to collapse. 
The selectivity also alters with pretreatment conditions. The cis /trans 
ratio (< 1) decreases, remains constant, then increases sharply at the 
point of structural collapse. Poisoning experiments with ammonia 
and pyridine have led to the catalytic activity being attributed to 
the hydroxyl groups on the external surface. Once again activity 
and selectivity were shown to be a function of catalyst acidity. 
b) Basic Catalysts 
Double bond isomerisation of simple alkenes requires strong basic 
catalysts which are able to abstract the allylic proton. The reversible 
triangular reaction scheme for the interconversion of the three n- butenes 
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has been demonstrated197. The following mechanism has been proposed 










CH 3-CH=CH-CH2 + CH3-CH2-CH=CH2 --+ 
Na+ 
CH 3-CH-CH=CH2 
The chain nature of the reaction is consistent with the rapid 
isomerisation observed. 
In a study of butene isomerisation over sodium on alumina, Haag 
and Pines199 reported the preferential formation of the less stable 
cis isomer from but- l -ene. This has been attributed to the hindered 
rotation of the carbanion C2 -C3 bond, resulting in the existence of 
syn and anti conformations179,197. The observed  product ratio is 
considered to be a consequence of the greater abundance of the anti 
form197. Hindered rotation of the carbanion also correlates with 
the observed preference for double bond shift over cis -trans 
isomerisation. The allylic carbanion is likely to retain the steric 
configuration of the reactant but -2 -ene and the formation_of the 
other isomer would require its rearrangement. 
c) Metal Catalysts 
The isomerisation of n- butenes over various metals supported on 
alumina has been reviewed by Bond and Wells178. Two mechanisms were 
discussed involving different intermediates; 1) an alkyl radical and 
2) a 7-allyl adsorbed alkene. Free rotation about the carbon -metal 
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bond of the alkyl radical is possible hence both double bond shift 
and cis -trans isomerisation can occur through the same intermediate. 
With the r -allyl adsorbed alkene cis -trans isomerisation can only occur 
if preceded by a double bond shift. 
In a study199 of metals supported on metal oxides, activity varied 
from metal to metal and depended on the support. Some unsupported 
metals were inactive for butene isomerisation. Wells and Wilson 
postulated the migration of hydrogen atoms from the support to the 
metal surface resulting in the initiation of an addition -abstraction 
mechanism. 
But -1 -ene (ads) ±H } 2 -butyl radical -H -} But -2 -ene (ads) 
Butene isomerisation was therefore proposed to be a self- sustaining chain 
reaction. 
4.2. Isomerisation of Cyclopropanes 
Cyclopropane and its methyl -substituted derivatives are stable 
molecules which can thermally and catalytically isomerise resulting 
in a variety of products. These molecules are of considerable 
importance as materials to test mechanistic theories as types and 
ratios of products observed are characteristic of the operation of 
specific mechanisms. 
4.2.1. General Properties of Cyclopropane 
The cyclopropane ring possesses a considerable amount of angle 
strain. The ring carbon atoms have more 'p' character than spa 
hybridised carbon atoms. Consequently the orbital overlap and hence 
the bond strength is less than in normal carbon -carbon bonds. 
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The electron density is not symmetrical about an axis joining the two 
nuclei, as in normal carbon - carbon bonds, but is directed away from 
the ring. The resultant bonds are intermediate in character between 
a- and it -bonds and are called bent or banana bonds. 
The cyclopropane ring possesses many of the properties associated 
with the ethylenic double bond200. Hydrogenation yields propane 
derivatives and electrophilic reagents such as halogens and hydrogen 
halides readily attack the ring. Addition of hydrogen halides to 
substituted cyclopropanes is governed by the Markovnikov Rule resulting 
in ring fission between most and least substituted carbon atoms201. 
The ring- opening of cyclopropane by acid treatment has been 
kinetically studied202. It appears to involve the opening of the 
protonated cyclopropane ring to give a more or less solvated propyl 
cation which then adds to the anion. Ring opening with Lewis acids 
has also been demonstrated, resulting in a propane derivative203. 
4.2.2. State of Adsorbed Species 
In a review of hydrogenolysis of cyclopropanes, Newham204 
defined three modes of adsorption of cyclopropane: 
Type A - adsorbed radicals, which may be mono -, 1,2 di -, 
or 1,2,3 triadsorbed, resulting from the inter- 
action of gas phase or physically adsorbed cyclo- 
propane with the surface. 
Type B - a 1,3 diadsorbed species formed by chemisorption 
with simultaneous ring cleavage. 
Type C - a ir- adsorbed species involving bond formation between 
delocalised electrons of the ring and the d orbitals 
of surface metal atoms. Because of the small amount 
of delocalisation in cyclopropane this bond would be 






CH2 CH2 CH2 CH2 
Type B Type C 
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In addition alkylcyclopropanes may adsorb at the side chain rather 
than at the ring atoms. 
4.2.3. Reaction Mechanisms 
In the absence of catalytic effects, the isomerisation of the 
cyclopropanes may be represented by the simplified general scheme: 
Reactant ' Intermediate .` Product 
Three types of intermediate may be involved, carbonium ion,carbanion 
and radical. The ionic intermediates would be formed by gain or loss 
of a proton or hydride at various positions in the cyclopropane molecule. 
Radicals would result from interaction of hydrogen atoms. 
Attack or loss of hydrogen results in ring opening and the 
formation of a non- cyclic intermediate,the stability of which determines 
the product distribution. The order of stability for carbonium ions 
and radicals is tertiary > secondary > primary whereas for carbanions 
this order is reversed. The products formed from isomerisation of 
methylcyclopropane , 1,1 dimethylcyclopropane and 1,2 dimethylcyclo- 
propane and the intermediates involved in each mechanism are summarised 
in Tables 4.1, 4.2 and 4.3. The mechanisms are outline3 in detail in 
Appendix 1. These demonstrate that the type of mechanism involved 
has an important bearing on the type and relative amounts of products. 
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Table 4.1. Analysis of Possible Products Arising from Gain /Loss 







Products Intermediate Type 
H Loss 
1 iso -butene Primary carbonium ion 
2 n- butenes Resonance stabilised 
carbonium ion 
Methyl carbon but -1 -ene and /or 
cyclobutane 
Primary carbonium ion 
and /or Bicyclobutonium 
ion 
H Loss 
1 iso -butene Primary carbanion 
2 n- butenes it -allyl type species 
Methyl carbon but -1 -ene Primary carbanion 
H Gain 
1 but -1 -ene Primary carbanion 
2 
n- butenes Secondary carbanion 
iso -butene Primary carbanion 
H+ Gain 
1 but -1 -ene Primary carbonium ion 
n- butenes Secondary carbonium ion 
iso -butene Primary carbonium ion 
H. Loss 
1 but -1 -ene Primary radical 
n- butenes Secondary radical 
iso -butene Primary radical 
H. Gain 
1 but -1 -ene Primary radical 
2 
n- butenes Secondary radical 
iso -butene Primary radical 
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Table 4.2. Analysis of Possible Products Arising from Gain /Loss 






in 1,1 DMCP 
Products Intermediate Type 
H Loss 
2 
3 methyl but -1 -ene 
2 methyl but -2 -ene 
Resonance- -stabilised 
carbonium ion 




3 methyl but -1 -ene 
2 methyl but -2 -ene 
r -allyl species 
Methyl carbon 2 methyl but -1 -ene Primary carbanion 
H Gain 
1 3 methyl but -1 -ene 
2 
2 methyl but -2 -ene 
2 methyl but -1 -ene 
Tertiary carbanion 
H+ Gain 
1 3 methyl but -1 -ene Primary carbonium ion 
2 methyl but -2 -ene 
2 methyl but -1 -ene 
Tertiary carbonium 
ion 
H. Loss 2 
2 methyl but -1 -ene 
2 methyl but -2 -ene 
Tertiary radical 
H. Gain 
1 3 methyl but -1 -ene Primary radical 
2 
2 methyl but -2 -ene 
2 methyl but -1 -ene 
Tertiary radical 
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Table 4.3. Analysis of Possible Products Arising from Gain /Loss 
of Hydrogen in 1,2 Dimethylcyclopropane (1,2 DMCP) 






in 1,2 DMCP 
Product Intermediate Type 
H Loss 
2 methyl but -2 -ene 
2 methyl but -1 -ene 
Resonance stabilised 
carbonium ion 
Methyl carbon 3 methyl but -1 -ene Primary carbonium ion 
H+ Loss 
1 or 3 
2 methyl but -2 -ene 
2 methyl but -1 -ene 
Allyl species 
Methyl carbon 3 methyl but -1 -ene Allyl species 
H Gain 
1 2 methyl but -1 -ene Primary carbanion 
3 
2 methyl but -2 -ene 




1 2 methyl but -1 -ene Primary carbonium ion 
2 methyl but -2 -ene 




i methyl butenes Primary radical 
3 methyl butenes Secondary radical 
H' Gain 
1 2 methyl but -1 -ene Primary radical 
2 methyl but -2 -ene 
3 methyl but -1 -ene 
Secondary radical 
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Table 4.3 (contd.) 
Analysis of Possible Products Arising from Gain /Loss of 
Hydrogen in 1,2 Dimethylcyclopropane (1,2 DMCP) 







Products Intermediate Type 
- 
H Loss 
1 or 3 
cis and trans 
pent -2 -ene 
Resonance stabilised 
carbonium ion 
Methyl carbon pent -1 -ene Secondary carbonium ion 
H+ Loss 
3 
cis and trans 
pent -2 -ene 
Resonance stabilised 
secondary carbanion 
Methyl carbon pent- -1 -ene Secondary carbanion 




H 1 n- pentenes 
Secondary carbonium 
ion 
H. Loss 1 n- pentenes Secondary radical 
H. Gain 1 n- pentenes Secondary radical 
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4.2.4. Influence of the Catalyst 
Various metals and oxides are effective catalysts for the 
reactions of cyclopropane and its derivatives. 
a) Metals 
Most of the published literature on metal -catalysed reactions of 
cyclopropanes is concerned with hydrogenolysis. Investigation of 
deuterolysis of cyclopropane over metals indicated the formation of 
hydrocarbon radicals as primary products204. The observed exchange 
could occur via a mono -, di- or triadsorbed species or by a Tr- bonded 
species utilising delocalised ring electrons and orbitals of metal atoms 
on the catalyst surface. From studies using cyclopropane and methyl- 
cyclopropane Anderson and Avery205 concluded that cyclopropane 
adsorption occurred to give a Tr- bonded precursor which ring opened 
to yield a 1,3 diadsorbed species: 
CH CH2 




- CH2 CH 
2 
CH2 
Further evidence for involvement of 1,3 diadsorbed species in ring 
opening of substituted cyclopropanes over palladium has been reported°6 
Metal catalysed isomerisation of cyclopropane to propene only 
takes place at elevated temperatures in the absence of hydrogen 
A mechanism involving chemisorption with simultaneous ring cleavage 
to form a 1,3 diadsorbed species has been suggested204. 
b) Acidic Catalysts 
Roberts208 has reported the isomerisation of cyclpropane to propene 
over various acidic catalysts. Since basic molecules were found to 
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poison the reaction, the isomerisation was proposed to occur via an 
n- propyl carbonium ion formed by attachment of a catalyst proton to 
a ring carbon atom: 
CH2 CH2 
+ H+A -4- 
CH 
A -i H+A + CH2=CH-CH3 
Isomerisation is completed by loss of another proton to the catalyst 
surface. 
The use of tracer techniques has demonstrated the intermolecular 
exchange of one hydrogen atom during cyclopropane isomerisation to 
propene over silica alumina209. This is consistent with the operation 
of either of two mechanisms:- 
1) the protonic mechanism, proposed by Roberts208, which requires a 
C3H7 (Bronsted site) surface intermediate. 
2) a bimolecular hydride transfer mechanism involving a C3H5+ (Lewis 
type) surface intermediate209. 
In further studies the isomerisations of methylcyclopropane, 
ethylcyclopropane and dimethylcyclopropane were investigated. From 
product selectivities observed Hall et al210,211 were able to conclude 
that a protonic type of mechanism was operative. The non -classical 
cyclopropyl carbonium ion212 was invoked as the surface complex, ring 
opening to propene proceeding via a primary propyl cation. 
To explain the product selectivity observed in a study of 
hydrogen chloride catalysed isomerisation of 1,1 dimethylcyclopropane, 
Bullivant et al213 the occurrence of two concurrent 
processes: - 
1) a unimolecular isomerisation to 2 methyl but -2 -ene and 3 methyl 
but -1 -ene 
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2) a bimolecular HC1 catalysed isomerisation to 2 methyl but- l -ene. 
They proposed that the formation of 2 methyl but -1 -ene proceeded via 
a six -centred transition state 
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Kinetic studies of isomerisation of cyclopropane to propene over 
zeolites X and Y at temperatures above 473 K have been reported. 
First order kinetics with no side reactions were observed over various 
exchanged forms of X and Y zeolites214,215. Studies using deuterated 
catalysts have indicated that both exchange and isomerisation of cyclo- 
propane proceed via the non -classical cyclopropyl carbonium ion which 
yields a primary carbonium ion on ring opening126,216. 
A recent publication reports the formation of isobutene as the 
major product when cyclopropane is passed over hydrogen Y zeolite217. 
A mechanism, involving the non -classical carbonium ion, has been 
postulated. 
CH / 





The methyl ion attacks another cyclopropane molecule resulting in 
the formation of a methylcyclopropane ion which rearranges to form 
isobutane. 
C H1 
CH2 - CH2 CH--CH3 
+ 
CH3 CH3 Isobutane 
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In a study of alkylcyclopropane isomerisation over various 
exchanged forms of zeolite X activity and product selectivity were 
dependent on the cation present. Coutts218 concluded that alkyl- 
cyclopropane isomerisation over X zeolites proceeds via an irreversible 
ring opening reaction with formation of a carbonium ion. Over copper, 
cobalt, zinc and iron exchanged zeolite X the carbonium ion is formed 
by hydride loss while over cerium, hydrogen and sodium zeolites it is 
formed by proton addition. A radical reaction was proposed for nickel 
exchanged zeolites. 
Flockhart et al219 have demonstrated that in addition to the 
Brönsted acid mechanism, a second mechanism, possibly involving a 
Lewis acid site, may be operative, depending on the activation tempera- 
ture of the zeolite catalyst. 
4.3. Isomerisation of Propene 
Microwave spectroscopy has proved to be a useful technique in 
the elucidation of the mechanism of exchange reactions of molecules 
such as propene. It enables detailed analysis of the amount and 
location of deuterium in the products. 
In order to be detectable by microwave spectroscopy, a molecule 
must have a permanent dipole moment. Hence trans but -2 -ene with a 
zero dipole moment is not detected while cis but -2 -ene and but -1 -ene 
are detected with different sensitivity dependent on the magnitude 
of their respective moments. Labelled propene is an ideal molecule 
for microwave investigation of double bond shift. Migration of the 
double bond in isomerisation does not alter the identity of the molecule 
only the position of labelling. Moreover, all deuteropropenes are 
detected with equal sensitivity. The abundance of the various 





4.3.1. Influence of the Catalyst 
Microwave spectroscopy has been used to investigate the isomer - 
isation of alkenes on alumina and the exchange of propene with deuterium 
over a range of oxide catalysts 
222,223 
On the basis of these studies, 
a range of intermediates, including carbonium ions, propenyl, ir.allyl 
and a -allyl species, have been postulated as reaction intermediates of 
propene on oxide surfaces. A study of specifically labelled propene 
has confirmed the involvement of an allylic intermediate in exchange 
reactions over magnesia and rutile224. 
From a microwave investigation of the catalytic reactions between 
propene and deuterium over zinc oxide, Naito et al225 concluded that 
hydrogenation and isomerisation proceed through different reaction 
intermediates. Propane is produced by addition of hydrogen or 
deuterium to the double bond whereas isomerisation occurs via a 
ir -allyl intermediate. 
4.3.2. Mechanism of Isomerisation 
As discussed in Section 4.1.2 three mechanisms are possible 
for the double bond shift of alkenes:- 
1) Associative mechanism - the gain of a proton by the alkene 
resulting in formation of a carbonium ion. 
2) Dissociative mechanism - loss of either a proton or a hydride 
ion from the alkene to generate a r- allylic species. 
3) Concerted mechanism - simultaneous loss of hydrogen from a 
methyl group with hydrogen gain at the methylenic carbon 
involving a cyclic type of surface intermediate. 
These mechanisms can be distinguished on the basis of product distri- 
bution from isomerisation of a specifically labelled propene, 





















Fig. 4.3.1 - Associative mechanism for double bond shift of 
CD2 =CH -CH3. The circled numbers show the concentrations of 
products from ten molecules of reactant, predicted purely from 
statistical considerations. 
Addition of a surface proton to propene produces a carbonium ion. 
This can either lose a proton or deuteron resulting in the formation 
of CH2 =CH -CHD2 and CDH =CH -CH3 as primary products. The reactant is 
also regenerated. Loss of a deuteron from the carbonium ion provides 
D+ on the surface from the start of the reaction. This can interact 
with the reactant resulting in the production of CH2 =CH -CD3 as a 
third primary product. If hydrocarbon deuterium content is con- 
served the ratios of the amounts of the three primary products are 
fixed as shown in Fig. 4.3.1. 
Dissociative Mechanism 
The dissociative mechanism is shown in Fig. 4.3.2. Electronic 


















CHD =CH -CH3 
Fig. 4.3.2. - Dissociative mechanism for double bond shift of CD2 =CH -CH3. 
reaction path to primary products 
reaction path to secondary products. 
Dissociation of a methyl carbon -hydrogen bond produces a Tr allylic 
species which can initially only pick up hydrogen to regenerate the 
reactant or produce CHD2 -CH =CH2 as the only primary product. In a 
subsequent reaction this can lose hydrogen or deuterium. Loss of 
deuterium and gain of hydrogen results in the production of the [2H1] 
species, CH2 =CH -CH2D and CHD =CH -CH3 in equal amounts, assuming random 
addition of hydrogen to either side of the symmetrical Tr -allyl species. 
Similarly equal amounts of the [2H3] species, CD3 -CH =CH2 and 
CDH2 -CH =CD2, are produced by addition of deuterium to the 
CD2 -CH -CH2 species. The [2H1] and [2H3] propenes are secondary products, 




The concerted mechanism is given in Fig. 4.3.3. As a methyl 
carbon -hydrogen bond is broken and hydrogen lost to a surface site, 
hydrogen from an adjacent carbon atom adds to the methylenic carbon 
atom resulting in CD2H - CH. =CH2 as the only primary product. 
H 





CH3 - CH CHD 
CD 3 CH= CH2 
Fig. 4.3.3. Concerted mechanism for double bond shift of 
CD2--- CH -CH3; -->reaction path to primary products, - - -3 reaction 
path to secondary products. S is a surface site. 
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Subsequent reaction regenerates the reactant and produces 
CH---3 CH =CHD as the only [2H1] propene. Deuterated surface sites are 
also produced. These will interact principally with the predominant 
deuteropropenes present, initially CDT= CH -CH3, to produce 
CD3 CH =CH2 as the only [2H3] propene. The [2H1] and [2H3] propenes 
produced are the same as those from the associative mechanism. However, 
in the concerted mechanism these are secondary products. 
The composition of [2H1] and [2H3] propenes obtained from operation 
of the three different mechanisms are listed in Tables 4.3.1. and 4.3.2. 
The nature of the propene products, whether primary or secondary, is also 
listed. 
Mechanism 
Initial Compositionof [2H1] propenes 





















Table 4.3.1. Distribution of [2H1] propenes from operation of 
associative, dissociative and concerted mechanisms. 
Mechanism 
Initial Composition of [2H3] propenes 
CH2 =CH -CD3 
Nature of 
Product 
CD2= CH -CH2D 
Nature of 
Product 

















Table 4.3.2. Distribution of [2H3] propenes from operation of associative, 
dissociative and concerted mechanisms. 
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It is apparent that the product selectivity exhibited by the 
associative and concerted mechanisms differs from that of the dissociative 








] propenes as primary 
products in the associative mechanism and secondary products in the 
concerted mechanism enables these mechanisms to be distinguished. In 
the associative mechanism, as primary products, the ratio of CHCH -CHD2, 
CHD -CH -CH3 and CHCH -CD3 will be constant with time, whereas if the 
concerted mechanism is operative the ratio of these products will vary. 
Application of this scheme, using specifically labelled propene, 
CDZ CH -CH3, has been used in this thesis to investigate the mechanism 






The structures and properties of the zeolites, omega and erionite, 
used in this study, have been discussed in Chapter 3. The zeolites, in 
powder form, were obtained from the following sources: 
Zeolite omega (0) from Shell Development Company 
Natural erionite (Rome, Oregon) from Professor F.A. Mumpton 
(State University College of New York) 
A commercially treated erionite from Dr. P. Venuto, Mobil 
Oil Corporation. 
Prior to use the zeolites were stored in sealed glass bottles to avoid 
atmospheric contamination. 
5.1.2. Chemicals 
Nitrogen, air and hydrogen were obtained from the British 
Oxygen Company and used as supplied for gas chromatographic purposes. 
White spot nitrogen (B.O.C.) was suitable for experiments in which 
oxygen -free nitrogen was necessary. Drying of nitrogen, when 
required, was achieved by passage through phosphorus pentoxide and 
a previously dehydrated molecular sieve (5A). The dried gas was 
stored in a glass bulb. 
But- l -ene, trans but- 2 -ene, cis but- 2 -ene, 2- methyl propene, 
2 methyl propane and butane were obtained from the Matheson Company 
as C.P. Grade (99% pure). These materials were purified and out - 
gassed by vacuum distillation and repeated cycles of freezing, pumping 
and thawing. After purification the gases were stored in glass bulbs 
on the apparatus until required at which time they were redistilled. 
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Methylcyclopropane (99% pure), supplied by K. and K. Laboratories, 
was purified and stored in the same manner as the butenes. 
2- methyl but- l -ene, 2- methyl but- 2 -ene, 3- methyl but- l -ene, 
pent- l -ene, cis pent -2 -ene and trans pent -2 -ene were obtained from 
Koch -Light. After purification, carried out as above, the liquids 
were stored in cold fingers fitted with Rotaflo teflon taps. 
1,1 dimethylcyclopropane (99% pure) and trans 1,2 dimethylcycloprp - 
pane (99% pure), supplied by Pfaltz and Bauer, were also stored in cold 
fingers following purification. 
Specifically labelled 1,1 d2- propene (minimum isotopic purity 98 %) 
was obtained from Merck, Sharp and Dohme. The amount required for a 
reaction was admitted to the gas handling apparatus and purified by 
vacuum distillation and repeated cycles of freezing, pumping and 
thawing before use. 
5.2. Isomerisation Reactions of n- Butenes and Methyl- substituted 
Cyclopropanes 
5.2.1. Apparatus 
a) Gas Handling and Reaction System 
The apparatus was constructed from Pyrex glassware and is 
represented schematically in Fig. 5.1. The cylindrical reaction 
vessels were attached to the apparatus via water cooled ground glass 
joints. Silica reaction vessels were used when outgassing tempera- 
tures exceeded 773 K. All ground glass joints and taps were lubricated 
with Apiezon 'L' grease. 
Two mercury diffusion pumps backed by rotary vacuum pumps were 
capable of evacuating the apparatus to approximately 133 u Nm -2 
(10 
-6 

















































































































































































































































































out before catalytic experiments. Liquid nitrogen traps were used 
to prevent contamination of the system by the mercury diffusion pumps. 
A mercury manometer enabled pressures in excess of 133 Nm 2 
(1 torr) to be measured. Using this and a bulb of known volume, the 
gaseous volumes of sections of the apparatus were calibrated. A 
knowledge of the dosing volume, reaction vessel volume and the pressure 
of reactant before and after admission to the reaction vessel enabled 
the number of molecules admitted to the catalyst to be calculated. 
Close fitting silica furnaces were used to heat the catalyst 
samples. The temperature of the furnace was controlled by a chromel- 
alumel thermocouple connected to a Eurotherm temperature controller 
accurate to + 0.5 K. The precise temperature of the sample was 
measured by a second chromel- alumel thermocouple placed down a 
capillary pocket projecting into the catalyst. The thermocouple 
voltages were measured by an Exel digital voltmeter (Type XL 1000) 
enabling determination of reaction temperatures to an accuracy of 
0.25 K. In general a temperature fluctuation of + 0.5 K was observed 
during catalytic experiments. 
Low temperature slush baths were employed to carry out reactions 
at temperatures below ambient. The slush baths were prepared in 
Dewar flasks by adding liquid nitrogen to the selected solvent while 
stirring continuously. To inhibit atmospheric water dissolution 
and consequent temperature fluctuation, solvents which were immiscible 
with water were chosen Reaction temperatures, measured in the 
same manner as described in the preceding paragraph, were kept constant 
to within + 0.5 K. Temperatures within 1 K of the literature, values 
were observed226_ The baths used are listed in Table 5.1. 
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Low Temperature Baths Temperature of Baths /K 
p- Xylene slush 286 
Cyclohexane slush 280 
Ice /water 273 
Aniline slush 266 
Methyl benzoate slush 261 
Tetrachloromethane slush 250 
Bromobenzene slush 242.2 
Arklone slush 237 
Chlorobenzene slush 227.4 
Trichloromethane slush 209.5 
Table 5.1. Low Temperature Baths 
Samples of the gas phase 0,2 %) were removed from the reaction 
vessel as required by manipulation of a 3 -way tap attached to a 
Perkin Elmer sampling valve incorporating a 0.2 cm3 evacuable sample 
loop. Analysis by gas chromatography followed. 
b) Gas Chromatographic Apparatus 
Samples of the gas removed from the reaction vessel were admitted 
to the chromatographic column by adjusting the sample valve to bring 
the loop containing the sample into the carrier gas (nitrogen) flow. 
The sample was flushed out of the loop and through the chromatographic 
column by the carrier gas. The columns used to resolve reactant and 
products in the reactions studied are listed in Table 5.2. Optimum 
operating conditions are also tabulated. In most reaction systems 
it was necessary to immerse at least half of the column in an ice or 
ice /ethanol bath to obtain satisfactory resolution. 
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Reactant Column(s) 
Inlet Pressure /k Nm 
-2 
Temperature 
of Column /K Air Hydrogen Nitrogen 
n- Butenes 4 m of l" o.d. stain- 
less steel loaded 
with bis -2- methoxy 
ethyl adipate (13.5 %) 
and di -2 -ethyl hexyl 
sebacate on 80/100 
mesh Chromasorb P. 
69 69 69 273 
MCP 15 m of l" o.d. 
copper tube loaded 
with 35% propylene 
carbonate on P60:80 
Chromosorb 
69 69 455 71 m at 263 
71/2 m at 273 
1,2 DMCP 8 m of l" o.d. 
stainless steel 
loaded with 20% 
bis -2 methoxy ethyl 
adipate on chromo- 
sorb P60:80 
69 69 455 4 m at 273 
4 m at 298 
1,1 DMCP 4 m of l" o.d. 
stainless steel 
loaded with 20% bis -2 
methoxy ethyl adipate 
on chromosorb P60:80 
+ 
10 m of l" o.d. poly- 
thene tube loaded with 
15% silicone oil on 
60:80 celite 
69 69 455 298 
Table 5.2. Chromatographic Columns and Conditions Used in the 
Analysis of C4 and C5 Hydrocarbons 
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The resolved components were eluted to a hydrogen /air flame 
ionisation detector. The resulting signals were amplified by a 
Perkin Elmer amplifier and parallel amplified signals supplied to 
a Hewlett Packard integrator and a Servoscribe potentiometric recorder. 
The integrated peak areas were assigned to components of the gaseous 
mixture. Sensitivity factors of the columns were determined by the 
preparation and analysis of standard mixtures of hydrocarbons. 
Correction of observed peak areas by these factors enabled quantitative 
analysis to be accomplished. 
5.2.2. Procedure 
The hydrated zeolite (.13 g) was accurately weighed and trans- 
ferred to a clean dry reaction vessel (volume 250 cm3) which was 
attached to the gas line by means of a ground glass joint. Both 
types of erionite were outgassed by evacuating the reaction vessel 
and maintaining a temperature of 643 K for 16 hours. The pretreat- 
ment conditions of zeolite omega were varied as will be discussed 
more fully in a later section. Outgassing under vacuum at elevated 
temperatures and oxygen pretreatment were used. Oxygen treatment 
involved admission of two doses of oxygen (5 x 1020 molecules) to the 
catalyst at the outgassing temperature. Each dose was left in the 
reaction vessel for 30 minutes, and the system was pumped for 
15 minutes between doses. Following this the reaction vessel 
was evacuated for a further hour. 
After pretreatment the furnace was removed and the sample 
allowed to equilibrate to the desired reaction temperature. 
A known quantity of reactant (1020 molecules) was admitted to the 
reaction vessel by expansion of a measured pressure from the 
dosing bulb. The reaction was monitored by removing samples 
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from the gas phase at regular intervals and analysing by gas 
chromatography. After use the reaction vessels were cleaned with 
surfactant solution (Decon), copiously rinsed with distilled water 
and dried in an oven (ti 420 K). 
5.2.3. Treatment of Data 
A knowledge of the peak areas for each chromatographic scan 
and the sensitivity factors for the resolved components enabled the 
percentage composition of each chromatographic analysis to be deter- 
mined. A plot of percentage composition against time gives a 
general picture of the course of the reaction, including initial 
product ratios. 
The rate of disappearance of but -1 -ene was calculated assuming 
first order kinetics, the triangular reaction scheme of 
B 
where A = But -1 -ene 
B = Trans but -2 -ene 
C = Cis but -2 -ene 
being considered as 
k 
But -1 -ene Products 
Data are plotted according to the first order rate equation 
ln(x -xe) = -kt + ln(a -xe) 
where a = Initial concentration of but -1 -ene 
x = Percentage of but -1 -ene at time t 
x 
e 
= Percentage of but -1 -ene at equilibrium 
Egn.(5.1) 
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This equation holds rigorously for a reversible reaction where one 
reactant becomes a single product, the reaction being first order 
in both directions. 
The relative rate constants for the six possible reactions in 
the n- butene triangular scheme may be calculated from the initial 
product ratios and equilibrium ratios227. Absolute rate constants 
are difficult to determine because of the reversibility of the reaction. 
However, the ratio of products at very low conversions is proportional 
to the ratio of their rate constants. For example, starting with A, 
the ratio k1 /k3 may be obtained from the concentrations of B and C formed 
1 1 1 
dB/dt = k1 [A] n - k2 [B] n - k5 [B] n + k6 [C] n 
111 
dC/dt = k3 [A] m - k4 [C] m - k6 [C] m + k5 [C] m 
At very low conversions [B] and [C] are small and the corresponding 
terms can be neglected. Making the reasonable assumption that n = m 
gives 
lim (Ct) = 
kl 
t-}o t 3 
Thus determination of the ratio B/C at low total conversion and 
extrapolating back to zero time gives the ratio k1 /k3. Similarly 
with trans but -2 -ene and cis -but -2 -ene as reactants k2 /k5 and k4 /k6 
may be obtained. Since the forward and reverse rates are equal 
at equilibrium k1 /k2, k3 /k4 and k5 /k6 can be calculated from equilibrium 
concentrations. Therefore by equating k2 to 1 the relative rate 
constants may be evaluated. 
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Isomerisation of methylcyclopropane and dimethylcyclopropanes 
involves an irreversible ring- opening step. Data for these reactions 
are plotted according to the first order rate equation, 
In x = -kt + In a Egn.(5.2) 
where 
a = Initial concentration of reactant 
x = Concentration of reactant at time t. 
The reactions of butenes and cyclopropanes in general exhibited 
apparent zero or first order kinetics. Values of the rate constant 
at various reaction temperatures were plotted according to the 
Arrhenius equation. 
-EA/RT 
k = Ae 
where 
k = Rate constant 
A = Frequency factor 
EA = Activation energy 
R = Gas constant 
T = Temperature /K. 
This expression may also be written as, 
E 
ln k = ln A - A /RT 
Egn.(5.3) 
-E 
Hence a plot of In k against 1/T has a gradient of A/R and EA may 
be determined. Knowing EA, the number of molecules admitted and 
the surface area, A can also be evaluated. 
The equilibrium data at different temperatures were calculated 
assuming the triangular reaction schemes: 
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but -1 -ene pent -1 -ene I 
cis but- 2 -ene-1 trans but -2 -ene cis pent- 2 -ene trans pent -2 -ene 
3 methyl but -1 -ene 
I N 
2 methyl but -1 -ene 2 methyl but -2 -ene 
Equilibrium concentrations of the species involved in each triangular 
reaction scheme were calculated from their equilibrium constants of 
formation at a series of different temperatures228. Graphical 
representation of this data enabled equilibrium concentrations of 
species at specific reaction temperatures to be determined. 
5.3. Double Bond Shift of 1,1e4 Propene 
5.3.1. Apparatus 
The gas handling and reaction apparatus was similar to that 
depicted in Fig. 5.1. The gas line was equipped with a capillary 
leak enabling a small continuous stream of gas to be drawn into an 
AEI M.S. 10 mass spectrometer operating at 24 x 10 
-16 
kJ (15 eV). 
The mass spectrometer is described in detail elsewhere229. 
5.3.2. Procedure 
Catalyst samples were pretreated as described in Section 5.2.2. 
After outgassing the furnace was lowered and the reaction vessel allowed 
to cool before immersing in a liquid nitrogen bath. A known quantity 
(1020 molecules) of purified reactant was frozen into the reaction 
vessel and a furnace, at the desired temperature, raised around the 
vessel. The extent of reaction was monitored by mass spectrometry, 
scanning from 39 to 48 mass units at regular intervals. The reaction 
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was allowed to proceed to a predetermined extent, measured by the 
ratio oft.2Hy[2Hlspecies, at which point it was quenched by lique- 
faction of the gaseous material into a Pyrex vessel fitted with a 
greased tap. After sealing, the vessel was removed from the gas 
handling apparatus and analysed by microwave spectroscopy. 
5.3.3. Treatment of Results 
Relative abundances of deuteropropenes, propene and fragmented 
species were determined by measurement of recorder peak heights. 
Analyses of deuteropropene mixtures were made after correction for 
background, natural abundances of heavy isotopes, 13C and D (2H), 
and fragmentation. The background spectrum and fragmentation pattern 
of the parent hydrocarbon were determined before each mass spectral 
analysis as these varied. The Fortran programme, incorporating these 
corrections, used for the calculation of the percentage composition 
of the deuteropropene mixtures is listed in Appendix 2. 
Owing to appreciable fragmentation in the mass spectrometer 
source, the derived percentages of [2H3]propenes were much more reliable 
than those of[2H1 propenes. However, due to the overall mass balance, 
initial rates of L2H1] andt2H3 formation must have been equal. Hence 
the most accurate way of calculating the amount of 12H21from the computer 
output was 
[2H27 = 100 - 2 (L2H37 + C2Hz1) 
as 
Egn.(5.4) 
[2H3 = L2Hi] 
[2H41 = [2H0] 
The disappearance of 
[2H)- 
propene is plotted according to the first 
order rate equation. 
Microwave analysis was kindly carried out by R. Dickinson in the 
Chemistry Department, Glasgow University. 
where 
ln (L2 H2] -L2H2e) = -kt + C 
[2H2] = concentration of 12H2- propene at time = t 
[2H2e1= 
concentration of [2H)- propene at equilibrium 
90 
Eqn. (5.5) 
C = constant 
First order rate constants were determined for a series of temperatures 
and plotted according to the Arrhenius equation. (Eqn. 5.3.) enabling 
the activation energy to be calculated. 
The possible locations of deuterium atoms in a propene molecule 




H C \ C 
4 \ 
H H2 
Fig. 5.2. The position of hydrogen atoms in propene. 
Microwave analysis enables the positions of deuterium atomsin propene 
to be exactly located as discussed in Section 4.3. It is possible to 
differentiate between 5 types of[2H1], 11 types of12H2) and 14 types of 
2 
L H3] species by microwave spectroscopy. However for the purpose of the 
study of double bond shift, investigated in this thesis, several of these 
are equivalent. For example theL2H31 species labelled (1,2,3), (1,2,4) and 
(1,2,5) are all CD2 = CH -CH2D differing only in the conformational location 
of the methyl deuterium. Hence the amounts of the isomericL 
2 
Hi, 
(CDH = CH-CH3, CH2 = CH-CH2D)L2H2 (CD2 = CH-CH3, CDH = CH-CH2D, 
CH2 = CH-CHD2) andL2H37 (CD2 = CH-CH2D, CHD = CH - CHD2, CH2 = CH-CH 3) 
propenes are determined by summation of the concentrations of their 
component species. 
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5.4. Adsorption Experiments 
The use of a microbalance to measure the adsorption of gases has 
been described by several workers. 
230,231 
Its facility for measuring 
rapid changes of sample weight directly is of great advantage in 
adsorption work. 
5.4.1. Apparatus 
a) The Balance 
The microbalance used in this work was a Cahn RG Automatic 
Electrobalance having a maximum sensitivity of + 1 pg. The balance, 
represented schematically in Fig. 5.3, operates on the null- balance 
principle. When the sample weight changes the beam tends to deflect 
momentarily; the attached flag moves correspondingly altering the 
amount of light to the phototube and hence the phototube current. 
This current is amplified in a two -stage servo amplifier and is subse- 
quently applied to a coil attached to the beam. Since the coil is in 
a magnetic field, it acts like a d.c. motor exerting a force to 
restore the beam to its original balance position. The restoring 
force acts so quickly that, to the eye, the beam appears to be locked 
in position although it is really in a state of dynamic equilibrium. 
The restoring current, and the voltage which it develops across 
the coil are directly proportional to the change in sample weight. 
To display this accurately on a recorder it is necessary to subtract a 
known, accurately calibrated voltage across the coil using a potentio- 
meter. A dial (the mass dial) on the potentiometer is calibrated 
directly in milligrams corresponding to the amount of voltage being 
subtracted. The excess coil voltage is then applied to a Servoscribe 
potentiometric recorder. By attenuating this voltage by known ratios 

















To gas handling 
apparatus 
CABLE 
Fig. 5.4. The Vacuum Bottle in which the Balance is placed. 
Lamp 
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The zeolite samples were contained in a specially fabricated 
aluminium foil bucket with a nichrome wire handle. This was suspended 
from loop A by a nichrome hans -down wire (length til ri). The maximum 
load which could be suspended from loop A was 1 g. The counter weight, 
comprising of small pieces of metal supported on a stirrup and pan 
arrangement, was suspended from loop C by a hang down wire. 
The electrobalance was housed in a large vacuum bottle (Fig. 5.4) 
fastened to the wall. A metal cap, clamped in position with springs, 
accommodated the electrical connecting cable. A vacuum seal was 
provided by a Viton O -ring and high vacuum siliccngrease. The suspension 
wires of the sample and counter weight passed through ground glass joints 
into attached cylindrical adsorption vessels. A third joint connected 
the balance chamber to the gas handling apparatus. 
b) The Vacuum Line 
The apparatus used comprised of a gas handling section and an 
adsorption section. The gas handling apparatus, illustrated 
schematically in Fig. 5.5, was constructed of Pyrex glassware. Apiezon 'L' 
grease was used on all ground glass joints and taps. Purified gases were 
stored in bulbs, G, and were admitted to the main apparatus by manipulation 
of taps. The pressure of any gas admitted to the system was measured 
using a mercury manometer, the difference in levels being measured by 
means of a cathetometer. Low pressures in the apparatus were detectable 
using a McLeod Gauge, vacuum tests being performed before adsorption 
experiments were carried out. The gas handling apparatus was connected 
to the adsorption chamber via Pyrex tubing incorporating a 2 -way tap. 
The adsorption section consisted of the vacuum bottle housing the 
balance, already described, and the hang down tubes attached to it. 






























































































































































































































































was in two sections to facilitate its removal. The lower section, 
often subjected to high temperatures during sample outgassing, was 
made of silica. The upper Pyrex section had a graded seal at its 
lower end and was joined to the lower section by a ground silica joint. 
Apiezon 'T' grease was used at the junction. 
Evacuation of the gas handling and adsorption apparatus was 
accomplished by two mercury diffusion pumps backed by vacuum rotary 
pumps. Thorough outgassing of the balance and extensive glassware 
was required to obtain a vacuum of 133 p Nm -2 (10 
-6 
torr) necessary 
before adsorption experiments could be carried out. 
The adsorption vessel containing the suspended sample was out - 
gassed using a close- fitting non -inductively wound furnace. The 
temperature of the furnace was controlled by a thermocouple linked to 
a Stanton Redcroft linear Temperature Programmer incorporating a 
Eurotherm unit. The furnace that 
thermocouple and the suspended sample bucket were at the same level. 
To enable more accurate determination of the sample temperature another 
thermocouple connected to a digital voltmeter,was placed down a silica 
pocket in the adsorption vessel in a position level with the sample 
bucket. Using this, temperatures were evaluated to an accuracy of 
0.25 K. This arrangement does not allow accurate measurement of the 
sample temperature during heating and cooling nor monitoring of the 
change in temperature of the sample during adsorption. It does 
however provide a reasonably accurate measurement of the temperature 
once a steady state has been attained. 
The temperature range for meaningful adsorption data is limited 
to that where neither condensation nor reaction occurs. In the 
adsorption systems studied the occurrence of reactions at low 
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temperatures necessitated the use of slush baths. Suitable slush 
baths in the limited temperature range are cyclohexane; 280 K, 
tetrachloromethane; 250 K, and arklone; 236 K. The preparation of 
these baths is described in Section 5.2.1. Occasional replenishing 
of the baths was required to maintain a constant temperature over the 
long duration of the adsorption experiments. The temperature of the 
sample was taken to be the same as that of the bath after the adsorption 
vessel has been immersed for periods in excess of one hour. The 
thermocouple in the side pocket of the adsorption vessel provided a guide 
to the equilibration of temperatures inside and outside the adsorption 
vessel. 
5.4.2. Procedure 
Before use the balance was calibrated according to the manufacturer's 
instructions using accurately standardised weights. Balance constraints 
limited the maximum weight loss which could be monitored directly to 
100 mg. Since sample weight losses of ti20% were often observed; a 
sample weight of 300 mg was chosen, counterbalanced by a suitable 
substitution weight. The precise weight of the sample was determined 
by summation of the mass dial value, the recorder deflection and the 
substitution weight. 
The adsorption section of the apparatus was evacuated. It was 
always necessary to remove and admit gases slowly to minimise disturbance 
of the balance system and prevent "spurting" of the zeolite. The samples 
were outgassed at pretreatment temperatures similar to those used in 
catalytic experiments until no further weight loss was detectable. 
During preliminary experiments a considerable increase in sample 
weight was observed when the furnace was switched off and lowered; 
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a gain of approximately 300 ug being recorded in the time taken to 
cool to isotherm temperature. This 'gettering' continued at isotherm 
temperatures at approximately 0.006 mg min -1 although the rate was 
neither linear with time nor reproducible making control experiments 
of little use. However, the rate of gettering was reduced by following 
232 
a procedure used by Day et al. After outgassing, dry nitrogen gas 
was admitted to the adsorption vessel to a pressure of 11,20 k Nm -2 
(160 torr). The reaction vessel was allowed to cool to the appropriate 
isotherm temperature after which the pressure was reduced to 1.3x10 -3Nm -2 
(10 -5 torr) by pumping for approximately 30 minutes. The weight of the 
sample was recorded at this point and constituted the zero of the isotherm. 
Successive doses of purified adsorbate were admitted to the adsorption 
section and for each dose at equilibrium the weight of the sample and the 
equilibrium pressure were recorded. 
Where preliminary work indicated that adsorption and desorption 
isotherms were concurrent in the partial pressure ranges studied the 
isotherms were determined by desorption measurements for convenient 
manipulation of the balance. In addition equilibrium was generally 
established more rapidly by desorption than by adsorption. This may 
be a consequence of the significant alteration of the temperature of 
the adsorption system by the admission of successive doses of adsorbate 
at room temperature. Re- equilibration to the isotherm temperature 
would therefore require an appreciable time particularly at low pressures . 
Conversely alteration of the equilibrium pressure by desorption does not 
disturb the temperature of the adsorption system to any appreciable extent. 
The gravimetric arrangement used facilitated a continuous recording 
of sample weight both on admission and removal of the adsorbate to and 
from the adsorption section. However, the initial disturbance caused 
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by introduction of the gas to the evacuated chamber persisted for 
about six seconds prohibiting measurements during this period. 
The basic pattern used in these experiments involved regeneration 
of the sample after each adsorption /desorption run by outgassing at 
elevated temperatures (erionite; 623 K, zeolite omega; 773 K). 
The original outgassed weight of the sample was attained and good 
reproducability of adsorption results ( +2 %) was observed. 
5.4.3. Treatment of Results 
The problem of gettering makes results impossible to analyse 
accurately in a quantitative manner particularly for certain sorbates 
over erionite where the rates of adsorption are slow. However, where 
possible, quantitative results are presented. 
During adsorption or desorption the recorder trace shows the 
variation of sample weight with time and hence gives a measure of the 
rate of adsorption and desorption processes. Adsorption on external 
surface only, rapid sorption into the pores and an apparently diffusion 
controlled sorption may be distinguished. Diffusion control of sorption 
may be indicated by plotting increase in sample weight against t2 
according to Eqn. (2. 2 ). A straight line is indicative of diffusion 
control although a foot due to adsorption on the external surface is 
often observed at the beginning of the adsorption. 
Buoyancy effects in gravimetric studies arise from differences 
in volume and temperature between the sample and its container on the 
one hand and the counter weight on the other. In this work the buoyancy 
effects have been calculated from Eqn. (5.6.) and allowed for in the 









AW = Difference in upthrust on the two sides. 
M = Molecular weight of the adsorbate. 
R = Gas constant. 
VB = Volume of bucket and sample. 
TB = Temperature of bucket and sample. 
V = Volume of counter weight. 
TC = Temperature of counter weight. 
p = Pressure of the adsorbate. 
Buoyancy corrections are very small at low pressures but become 
considerable at higher pressures. 
5.5. Other Techniques 
5.5.1. X -Ray diffraction 
X -ray diffraction traces were obtained using a Phillips instrument 
utilising Cu Ka radiation. The catalysts were examined before and after 
pretreatment and catalytic experiments. 
5.5.2. Surface Area Measurements 
The surface areas of zeolite samples studied were determined by 
nitrogen adsorption at 78 K in a constant volume apparatus. A measured 
volume of gas is admitted to the sample, after equilibrium has been 
established the pressure can be measured and the amount of gas remaining 
in the gas phase calculated. The difference in these two quantities 
corresponds to the volume of adsorbate adsorbed. Results are plotted 
according to the B.E.T. equation. (Eqn. 5.7). 
where 
P 1 C-1 P 
x (P -P) X C + X C ' P 
o m m o 
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Eqn. (5.7) 
P = Equilibrium gas pressure at the isotherm temperature. 
x = Volume of gas adsorbed at pressure P. 
P 
o 




= Volume equivalent to monolayer coverage of the surface. 
C = A constant. 
According to this when P /x(P 
0 
-P) is plotted against P/P 
0 
a straight 
line should result,with slope S = (C -1) /XmC and intercept I = 1 /XmC. 
Rearrangement and elimination of C gives Xm 
S +I' 
The specific 
surface SA(m2g -1) is related to the monolayer capacity Xm by Eqn.(5.8) 




N = Avogadro's constant. 
A 
m 
= Molecular cross -sectional area of the adsorbate. 
X 
m 
is expressed in grams of adsorbate per gram of solid. 
Monolayer capacities and hence surface areas were also calculated 
using the point B method. 
5.5.3. X -Ray Fluorescence Spectroscopy 
The compositions of the zeolite samples used in this thesis 
* 
were analysed by X -ray fluorescence spectroscopy. The theory and 
applications of this technique are described elsewhere.213 
* 
X -ray fluorescence analyses were kindly carried out by G. Angell of 
the Geology Department, University of Edinburgh. 
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Chapter 6 
Results and Discussion - Part I 
Characterisation of the Zeolites 
6.1. Nature of the Catalysts 
6.1.1 X -Ray Fluorescence Analysis 
The results of the chemical analyses of the zeolites omega and 
erionite by X -ray fluorescence spectroscopy are given in Table 6.1. 
In the table and in the ensuing chapters the two types of erionite 
studied in this thesis are referred to as erionite (N) - natural 
erionite and erionite (T) - treated erionite. 
Zeolite S2 Erionite (N) Erionite (T) 
% 0 % 0 0 
Ca0 0.2 1.7 2.7 
K20 0.11 5.07 3.80 
Fe203 0.10 1.2 2.8 
TiO 
2 
0.11 0.24 0.38 
SiO 
2 
63.8 60.3 62.1 
Al203 15.4 14.1 14.3 
ppm ppm ppm 
Ba 380 2540 
Zr 80 380 520 
Sr 145 1460 
Rb 100 100 
Table 6.1. Chemical Analyses of Zeolites by X -ray Fluorescence 
Spectroscopy 




Zeolite 0:- (Na,TMA)20.A1203.7 SiO2.5H20 
Erionite:- (Ca,Mg,Na2K2)O.A1203.6SiO2.6H20. 
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The analytical results of Table 6.1. therefore list the constituent 
species with the exceptions of Na20, MgO and (TMA)20. This is a 
consequence of the inability of the technique used to detect atoms of 
atomic weight less than or equal to that of magnesium. 
Table 6.2. lists the ionic concentrations in terms of equivalents 
per gram atom of aluminium. 
Ion 
Zeolite 0 Erionite (N) Erionite (T) 













Table 6.2. Ionic Concentrations of Zeolites 
Neutralisation of the charge in the zeolite lattice due to alumina 
tetrahedra (A104 ) requires that the total number of counter -ion charges 
should equal the number of aluminium ions. In zeolite Q therefore 
sodium and TMA ions must total the remaining 0.96 equiv. /g.atom Al not 
accounted for by the species listed in Table 6.2. 
It is not possible to reach a similar conclusion for erionite due 
to the presence of appreciable amounts of iron in both samples studied. 
Previously, iron impurities in zeolite Y have been reported to exist as 
Fe3+ in the aluminosilicate framework, Fe3+ acting as counter -ions and 
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as Fe304 or some similar compound occluded within the structure. 
Furthermore, the substitution of Fe 
3+ 
ions for up to 15% of lattice 
aluminium in natural erionite has been demonstrated159. It is there- 
fore possible that at least a proportion of the iron contained in the 
erionite samples may be located in lattice tetrahedral sites. In the 
case of erionite (N),a white zeolite, it would appear probable that 
the majority of the iron is located in such framework sites since, in 
general, colour is associated with transition metal ions in inter- 
stitial positions. Assuming that all the iron is in this type of 
site the unlisted ions Na+ and Mg2+ total 0.24 equiv. /g.atom Al. 
In contrast, the commercially treated erionite (T) is a pale 
orangey -brown colour indicative of the presence of iron in interstitial 
sites. If all the iron is present as counter -ions the total 
equiv. /g.atom Al of the ions listed in Table 6.2. is 1.01; no Na+ or 
Mg+ ions would therefore be required to achieve electroneutrality. 
Although the exact nature of erionite (T) is unknown, reference to the 
patented literature169 and analytical evidence suggest that a natural 
erionite has been ion exchanged with an aqueous Iron(III)solution 
following treatment with dimethyl sulphoxide. Dimethyl sulphoxide 
has been reported to remove a substantial amount of occluded iron, 
previously remaining intact in aqueous solution. Moreover repeated 
ion exchange would result in the removal of virtually all the Na+ ions 
while leaving an appreciable number (2 per unit cell) of K+ ions locked 
within the cancrinite cages of the structure159. Assuming the unit 
cell contents of erionite (T) are similar to typical literature 
values47 ((CaMgNa2K2)4(A102)8(Si02)26) each unit cell may be calculated 
to contain 2.3 K+ ions. A similar calculation applied to erionite (N) 
results in a potassium content of 3.1 ions per unit cell. Therefore, 
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in view of the colour of the zeolite and the above arguments it would 
not seem unreasonable to conclude that only a small amount, if any, of 
the iron contained in erionite (T) is located in tetrahedral lattice 
sites and that the only counter -ionic species present to any appreciable 
extent are Ca 
2+ 
, K+ and Fe3 +. Consequently there are considerable 
differences in the chemical compositions of the two types of erionite. 
The Si /Al ratios of the zeolites studied were determined from data 
in Table 6.1. These experimental ratios, together with listed liter- 
ature values of these and other commonly used zeolites, are shown in 
Table 6.3. 
Zeolite Si /A1 (Experimental) Si /A1 (Literature)47 
Omega 3.53 2.6 -6.0 
Erionite (N) 3.64 
2.9 -3.7 
Erionite (T) 3.70 
Zeolite A 0.7 -1.2 
Mordenite 4.2 -5.0 
Zeolite X 1.0 -1.5 
Zeolite Y 1.5 -3.0 
Table 6.3. Si /A1 Ratios of Some Zeolites 
It is evident from the data in Table 6.3. that the zeolites studied in 
this thesis have similar Si /Al ratios, all of which are significantly 
higher than those of most commonly used zeolites excepting mordenite. 
The tabulated Si /Al ratio of erionite (N) may be slightly higher 
than the true lattice value due to the probable substitution of Fe 
3+ 
for lattice A13+ as discussed in the previous paragraphs. 
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Assuming all the iron contained in erionite (N) is in tetrahedral 
lattice sites the true lattice ratio, Si /(A1 +Fe),would be 3.45. 
Similarly the lattice ratio of erionite (T) listed in Table 6.3. may 
be slightly high although as discussed previously only a small amount 
of iron substitution in the lattice is suggested. 
In the synthesis of zeolite Q, Aiello and Barrer35 have reported 
smooth relationships between the cation fraction of TMA in the parent 
gel, the Si /A1 ratio and the cation fraction of TMA in the zeolite. 
Application of this correlation to the observed Si /A1 ratio yields a 
value of 0.21 for the cation fraction of TMA ions in the sample of 
zeolite S2 studied. Hence the approximate unit cell contents of this 




6.1.2.X -Ray Diffraction 
X -ray powder diffraction traces of the zeolites Q and erionite 
are depicted in Figs. 6.1. and 6.2. Diffraction analysis of the 
zeolites before and after pretreatment enabled their crystallinity to 
be assessed in a qualitative manner. 
a) Zeolite S2 
The relative intensities of the peaks and the observed d- spacings 
(calculated from the diffraction traces using the Bragg equation 
2d sin 6 = A) were in good agreement with literature values35. 
Samples pretreated at elevated temperatures displayed traces in which 
all peaks were weaker relative to background noise than those observed 
for the hydrated sample. The angles however were not altered. This 
is illustrated in Fig. 6.1. which compares the diffraction traces 







Fig. 6.1. X -ray Diffraction Traces of Zeolite Q 
(a) Hydrated zeolite S2 
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Fig. 6.2. Diffraction Traces of Erionite Samples 
(a) Erionite (N) 





by Prof. Mumpton 
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16 hours. In addition to the decrease in overall intensity of the 
peaks the relative intensities are also altered slightly. Since the 
angles at which peaks are observed depend only on the size and shape 
of the unit cell whereas their relative intensities depend on unit 
cell contents, an alteration in the latter may be expected as a result 
of removal of water and TMA ions by outgassing. All the peaks 
detected in the trace from the hydrated sample are still present after 
outgassing at 948 K. This indicates that very little, if any, 
structural collapse has occurred and is in agreement with results of 
Aiello and Barrer35 who reported zeolite TMA -Q to be stable to tempera- 
tures of about 973 K. 
b) Erionite 
The diffraction traces of hydrated erionites (N) and (T) are shown 
in Fig. 6.2. Peaks were observed at approximately the same angles 
for the two different samples and the calculated d- spacings were in 
good agreement with literature values. 
35,151 
The relative intensities 
of the peaks differed considerably in the two samples. The intensity 
pattern of erionite (N) is very similar to that reported by Weeks 
et al234 for a mineral eronite but very different from that of erionite 
(T). The differences may be a consequence of the difference in unit 
cell contents of the two erionites. In support of this suggestion, 
diffraction analysis of a synthetic Na, TMA erionite35 exhibited peaks 
at the same angles but intensities very different from those reported 
for mineral samples151 The erionite (N) investigated in this thesis 
was a purified sample, containing at least 95% crystalline material 
(probably >99 %) and no detectable offretite. No quantitative data 
*X -ray diffraction, quantitative crystallinity analysis and determination 
of the absence of offretite were carried out by Prof. Mumpton of 
New York State University. 
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concerning the crystallinity of erionite (T) nor the presence of 
offretite intergrowths are available. 
Diffraction traces of erionite (T) obtained after outgassing at 
catalytic pretreatment temperatures (643 K) showed no significant 
alteration of peak angles although the total intensity decreased. 
6.1.3. Surface Areas 
The surface areas of zeolites 0 and erionite were determined by 
nitrogen adsorption, data being plotted according to the BET equation 
(Eqn.5.7.) A typical plot is illustrated in Fig. 6.3. These measure- 
ments enabled the crystallinity of the zeolite samples, pretreated at 
different temperatures, to be determined in a more quantitative manner 
than is possible by X -ray diffraction. Moreover surface area measure- 
ments provide evidence of partial crystallinity not detectable by X -ray 
diffraction. 
a) Zeolite 0 
The surface areas of samples of zeolite 0 outgassed for 16 hours 
in the temperature range 654 K - 1033 K vary considerably with out - 
gassing temperature as illustrated in Fig. 6.4. Increased pretreatment 
temperature results in larger surface area values until a relatively 
sharp maximum (ca. 287 m2g -1) is attained at ca. 845 -870 K. At out- 
gassing temperatures greater than this the surface area decreases with 
further increase in the outgassing temperature. 
In general, temperatures of 623 -673 K are required to dehydrate 
zeolites. To achieve maximum sample surface area for zeolite 0 elevated 
outgassing temperatures are necessary to remove the bulky TMA ions from 
their locations in the gmelinite cages. Evidence of carbon deposition 

















Fig. 6.3. B.E.T. Plot for Zeolite 0 (.2901g) outgassed for 






Fig. 6.4. Variation in Surface Area of Zeolite Q with Outgassing 
Temperature (16 hours) 
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was shown by the grey coloration of the outgassed samples in comparison 
to the white untreated material. Furthermore the intensity of greyness 
was observed to increase with increase in outgassing temperature i.e. 
with increased decomposition of the organic cations. 
At temperatures slightly greater than those required to remove the 
majority of the TMA ions a decrease in surface area is observed. This 
may be a consequence of a gradual structural collapse or be due to carbon 
deposition. The latter would appear improbable as such deposition 
appears to have been occurring throughout the removal of TMA ions. 
Furthermore extended outgassing at 828 K and 868 K exhibits no such 
decay in surface area as illustrated by the data in Table 6.4. 
Outgassing 
Time /hr 
Surface Area / m2g 
-1 
Outgassing Outgassing 
Temperature = 828 K Temperature = 868 K 
16 264 284 
32 293 295 
40 296 295 
48 297 296 
Table 6.4. Variation in Surface Area of Zeolite 2 with 
Outgassing Time. 
It may be concluded therefore that the structure of zeolite Q is 
stable to a temperature of ca. 868 K beyond which a gradual structure 
collapse occurs. This is in reasonable agreement with the results of 
Aiello and Barrer35 who reported stability of the zeolite framework to 
ca. 973 K at which temperature the zeolite decomposed to an amorphous 
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product. However these workers, using X -ray diffraction were unable 
to detect any partial loss of crystallinity as reported here. Very 
different results have been reported176 for an ammonium exchanged TMA 2 
zeolite, substantial loss of crystallinity being observed at 773 K with 
formation of an amorphous material at 873 K. 
Results in Table 6.4. indicate that the maximum surface area of 
zeolite 2 (ca. 297 m2g -1) may be attained by outgassing at 828 K for 
periods in excess of 40 hours or at 868 K for slightly shorter periods. 
b) Erionite 
A similar survey of the effect of pretreatment temperature and 
time on the surface area of the erionite samples was carried out. 





Surface Area /m2g 
-1 
601 16 320 
675 16 320 
741 16 321 
868 16 320 
923 16 323 
1003 16 299 
1053 16 34 








Surface Area/m g 
-1 
589 16 222 
687 16 226 
687 32 227 
745 16 223 
793 16 222 
958 16 214 
958 32 200 
958 45 182 
Table 6.6. Effect of Pretreatment Conditions on the Surface Area of 
Erionite (T) 
In agreement with these BET surface area measurements, values of 
316 m2g -1 and 220 m2g -1 for erionite (N) and (T) respectively were 
obtained from gravimetric measurement of nitrogen adsorption, analysing 
the results by the point B method. Although a small difference in 
surface area may result as a consequence of the difference in chemical 
compositions, the large difference observed suggests the presence of 
different amounts of amorphous material in the two samples. 
Erionite (N) is a purified sample containing >95% (probably >99 %) 
crystalline material whereas the degree of crystallinity of erionite (T) 
is unknown. 
The lack of variation in surface area at outgassing temperatures 
between 589 K and 923 K indicates that all the occluded water is easily 
removed by outgassing for 16 hours at temperatures it 589 K. A previous 
thermochemical study234 of an ammonium exchanged mineral erionite 
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demonstrated water loss between room temperature and 523 K. The data 
in Tables 6.5. and 6.6. demonstrate the high thermal stability of 
erionite, no loss in crystallinity being observed until outgassing 
temperatures in excess of 923 K are used. At temperatures slightly 
higher than this a gradual collapse of structure is evident from the 
small decrease in surface area of erionite (T) with extended outgassing 
at 958 K. Complete crystal collapse of erionite (N) appears to occur 
at temperatures between 1003 and 1053 K resulting in a more or less 
amorphous material. From X -ray diffraction studies of an ammonium 
exchanged mineral erionite, Weeks et al234 have reported the occurrence 
of extensive crystal degradation by 1073 K. 
6.1.4. Thermogravimetric Analysis 
Thermogravimetric analysis of zeolite S2 was carried out using 
the microbalance. The sample was outgassed at successively higher 
temperatures, each temperature being maintained until the sample weight 
remained constant. A plot of zeolite weight loss with outgassing time 
at 823 K is shown in Fig. 6.5. The weight losses (expressed in 
milligrams per gram of hydrated zeolite) at the various outgassing 





% Weight Loss 
582 138.85 13.88 
661 143.71 14.37 
721 148.0 14.80 
823 192.38 19.24 
868 192.74 19.27 
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Fig. 6.5. Wt of TMA -S2 Zeolite as a Function of Outgassing Time 
at 823 K. 
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The small weight loss evident between 582 K and 721 K could be 
due to removal of water or TMA ions located in the wide main channels. 
Cole and Kouwenhoven174 have previously reported the removal of TMA 
ions from these sites by evacuation at 623 K, the major products of 
their decomposition being methanol and trimethylamine. Beyond 720 K 
the sharp decrease in weight corresponds to removal of TMA ions from 
the gmelinite cages. These ions are firmly encaged and are thermally 
more stable than in the bulk. Because of diffusion restrictions 
further degradations of the molecules must occur before molecules small 
enough to escape by activated diffusion are produced. If the unit 
cell contents of the 0 zeolite studied in this thesis is assumed to be 
Na6.3TMA1.7(A102)8(SiO2)28.21 H2O. then the percentages by weight of 
water and TMA are 13.5% and 4.5% respectively. The weight losses 
observed, corresponding to dehydration and TMA removal from the gmelinite 
cages are in good agreement with the predicted values, removal of water and 
TMA ions in the main channels occurring between room temperature and 720 K 
while decomposition and removal of TMA ions located in the gmelinite cages 
takes place at temperatures greater than 720 K. These results correlate 
well with the surface area measurements discussed in Section 6.1.3. where 
prolonged outgassing at 823 K was required to attain maximum surface 
area. Obviously occupation of the gmelinite cages by TMA ions prevents 
the entry and adsorption of nitrogen molecules into these pores, the 
maximum surface area being measured only when all these ions have been 
removed. 
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6.2. Adsorption Studies 
6.2.1. Omega Zeolite 
a) Adsorption and Desorption of C 
4-8 
H Isomers 
The adsorptions of but- l -ene, cis and trans but -2 -ene and methyl - 
cyclopropane (MCP) on zeolite 2 were investigated after thorough out - 
gassing of the zeolite had removed all the water and tetramethyl- 
ammonium ions. Rapid adsorption and desorption was observed for all 
adsorbates, equilibrium being attained more quickly on desorption. 
This is not unreasonable since admission of a dose of adsorbate at a 
temperature different from that of the isotherm results in a consider- 
able temperature fluctuation in the adsorbent. Such an effect is not 
caused by desorption of material from the system. Increase in weight 
of the zeolite as a result of adsorption of but -1 -ene and trans but -2 -ene 
at 243 K as a function of time are illustrated in Figs. 6.6.(a) and (b) 
respectively. Similar profiles were observed for all adsorbates at all 
the temperatures studied although the total amount adsorbed after 
admission of a constant external pressure varied with the adsorbate. 
The amounts of n- butenes adsorbed at 237 K after admission of 57.2 k Nm 2 




Admitted /k Nm -2 
Weight Adsorbed 
mg /g 
But -1 -ene 
Trans but -2 -ene 







Table 6.8. Weights of n- butenes adsorbed by Zeolite 2 
(a) 
(b) 
10 20 30 40 50 60 
Time /mins 
Fig.6.6. Rates of Adsorption on Zeolite 2 at 236 K 
(a) But -1 -ene 
(b) Trans But -2 -ene 
External pressure admitted 
= 57.2 k Nm -2 
112 
Adsorption isotherms, of which those in Figs. 6.7. and 6.8. are 
typical examples, were obtained for the adsorbates at the following 
temperatures:- 237 K, 250 K and 280 K. Different amounts of 
adsorbates are adsorbed at the same equilibrium partial pressure as 
illustrated by the data in Table 6.9. and the isotherms in Fig. 6.8. 
Adsorbate (P /Po)eq Weight Increase /mg /g 
280 K 250 K 237 K 
But -1 -ene .06 39.45 42.5 42.9 
.25 49.7 50.7 
Trans but -2 -ene .06 39.45 41.6 41.9 
.25 50.0 51.4 
Cis but -2 -ene .06 45.45 51.8 53.9 
.25 62.4 67.2 
Methylcyclopropane .06 42.9 42.9 40.3 
.25 47.2 47.6 
Table 6.9. Weights of C4H8 Isomers Adsorbed by Zeolite S2 
Therefore, not only does admission of a certain dose of adsorbate result 
in greater adsorption of cis but -2 -ene than either trans but -2 -ene or 
but -1 -ene (Table 6.8.) but also the amounts adsorbed at a given 
equilibrium partial pressure are in the order cis but -2 -ene > trans 
but -2 -ene ti but -1 -ene ti methylcyclopropane. 
Heats of adsorption were calculated from adsorption isotherms at 
various temperatures using the Clausius Clapeyron Equation. The 
initial heats of adsorption were not evaluated as a large amount of 
adsorption occurred at very low pressures which could not be measured 
accurately due to the inability of the apparatus to maintain a sufficiently 
good vacuum when isolated from the pumps. Neither was it practicable to 
extrapolate the results back to zero coverage. However, the heats of 
adsorption calculated at the lowest available coverages are 






O 236 K (S.V.P. = 26.6 k Nm-2) 
250 K (S.V.P. = 53.2 k Nm-2) 
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Fig. 6.7. Adsorption Isotherms of But -1 -ene 
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Fig. 6.8. Adsorption Isotherms of the n- Butenes on Zeolite Q 











Adsorbate mg Coverage /g 
Heat of Adsorption 
kJ /mol 
But -1 -ene 38.4 31.2 
40.5 30.6 
41.9 30.75 
Trans but -2 -ene 38.4 31.9 
41.9 32.1 
Cis but -2 -ene 45.3 51.2 
47.1 51.0 
Methylcyclopropane 41.9 22.0 
43.7 22.5 
45.4 22.5 
Table 6.10. Heats of Adsorption of C4H8 Isomers on Zeolite 2 
Estimation of the monolayer coverages of the various adsorbates 
from their respective adsorption isotherms (Table 6.11.) suggests that 
the heats of adsorption listed in Table 6.10. are at coverages somewhat 
greater than that of a monolayer. Hence, as such, they will have a 
sizeable component due to intermolecular interaction and are not a 
true measure of the interaction with the zeolite surface. However 
these results and the data obtained from the adsorption isotherms 
(Fig.6.8.) suggest differences in the zeolite- adsorbate interactions in 
the order; cis but -2 -ene > trans -but -2 -ene ti but -1 -ene > methylcyclopropane. 
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Table 6.11. Weights of but -1 -enes Corresponding to Monolayer 








Monolayer m2g -1 
But -1 -ene 
Trans but -2 -ene 










Table 6.11. lists the estimated weights of the n- butenes corres- 
ponding to monolayer coverage (estimated from the adsorption isotherms 
by the point B method) together with the area occupied per molecule235 
and hence the calculated area covered. The area covered by a monolayer 
of n- butene molecules is considerably less than the area measured by 
nitrogen adsorption (ca. 297 m2g -1). The structure of zeolite S2, 
however, is such that some of the internal surface available to nitrogen 
molecules may be inaccessible to butene or methylcyclopropane molecules, 
in particular that within the gmelinite cages. If the free dimensions 
of the eight -ring windows of these cages are similar to those in 
gmelinite (0.34 nm x 0.37 nm)65 they will not permit the entry of 
molecules, such as the butenes, having critical diameters of ca. 0.5 nm. 
Moreover, although the occurrence of slightly larger apertures may 
permit the entry of the n- butenes the rate of sorption would be determined 
by the rate of diffusion through 
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the apertures, a factor controlled by the critical diameter and polarity 
of the molecule. Hence if sorption into the gmelinite cages of 
zeolite Q was occurring, a diffusion - limited rate dependent on the 
nature of the adsorbate would be expected. Both the rapid rate of 
weight increase observed for all adsorbates and the estimated monolayer 
coverages suggest sorption of n- butenes and MCP in the main channels 
only. Furthermore the rapid desorption observed is typical of that 
expected on removal of molecules from easily accessible sites and not 
through restricted pore openings. 
Adsorption isotherms of but -1 -ene and MCP at 237 K indicated an 
apparent condensation at pressures well below the saturated vapour 
pressures at that temperature; at P /Po of .33 for MCP and .216 for 
but- l -ene. This effect, illustrated in Fig. 6.7, was not observed 
at similar relative pressures and temperature for cis and trans 
but -2 -ene nor at higher relative pressures of but -1 -ene or MCP at 
250 K. 
b) Summary of Adsorption Results in Zeolite 
The adsorption results over zeolite illustrate rapid adsorption 
and desorption of the n- butenes and MCP. No diffusional limitations 
to sorption are apparent suggesting adsorption only within the main 
channels. Adsorption isotherms and heats of adsorption results 
suggest different strengths of interaction between the adsorbate and 
zeolite with cis but -2 -ene > trans but -2 -ene ti but -1 -ene > MCP. 
6.2.2. Erionite 
a) Adsorption of C3H6 and C4H8 Isomers on Erionite (N) 
Samples of erionite (N) and erionite (T) outgassed at 643 K until steady 
weights were maintained lost 15.3% and 15.5% of their initial hydrated 
weights. Reference to the literature formula predicts a weight loss due 
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to dehydration of ca. 14.3 %. 
The adsorptions of propene and the n- butenes on erionite (N) at 
280 K were investigated gravimetrically. On admission of the same 
external pressure of different adsorbates to the zeolite, rates of 
adsorption which were markedly dependent on the nature of the adsorbate 
were observed. These rates were in the order trans but -2 -ene > propene > 
but -1 -ene > cis but- 2 -ene. The weight increases (mg /g hydrated zeolite) 
observed as a function of time during adsorption of these molecules are 
illustrated in Fig. 6.9. 
Trans but -2 -ene can enter and diffuse through erionite (N) much 
more easily than the other n- butenes or propene. As trans but -2 -ene 
has the same critical diameter as propene and but -1 -ene (0.495 nm) the 
sorption rate cannot be a function of this parameter alone. However, 
whereas trans but -2 -ene has a zero dipole moment, but -1 -ene and propene 
have dipole moments of 0.34D and O.37D respectively. The dipole 
interactions of these molecules with cations in the channels will 
cause diffusion to become hindered and rates of sorption less. 
Similar effects were reported for diffusion of C3H8, CH2C12 and 
(CH3)2NH in chabazite73 where increase in polarity resulted in increased 
diffusional activation energy. The higher rate of sorption of propene 
relative to but- l -ene, both molecules having the same critical diameter 
and similar dipole moments must be a consequence of its shorter carbon 
chain length. A regular increase in activation energy with chain 
length has been reported for diffusion of n- alkanes (C1 -C7) in 
zeolite 5A74 although a more complex pattern has been observed for 
zeolite T76 showing a decrease in diffusional activation energy with 
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Fiy. 6.9. Rates of Adsorption of Propene 
and n- Butenes on 
Erionite 
(External Pressure = 144 k Nm ) 
(N) at 280 K. -2 
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In contrast to the molecules discussed above admission of cis 
but -2 -ene to erionite (N) results in a sharp immediate adsorption of 
ca. 0.5 mg /g followed by a very slow increase in weight with time. 
The initial increase in weight may be assigned to adsorption of cis 
but -2 -ene on the external surface of the particles. The further slow 
weight gain with time is close to that which would be expected as a 
result of gettering and hence it is impossible to establish from these 
results whether cis but -2 -ene is being excluded from the erionite 
cavities completely or whether there is a very slow rate of sorption of 
this isomer. If occluded, the very slow rate of sorption of cis 
but -2 -ene compared to that of trans but -2 -ene and but -1 -ene can be 
correlated with the much larger critical diameter of the cis but -2 -ene 
molecule (0.558 nm). A difference in diffusivities between trans 
n- alkenes and cis n- alkenes in zeolite CaA of at least two orders of 
magnitude has been reported137 Similarly the complete 
exclusion of cis but -2 -ene from the erionite cavities could also be 
rationalised in terms of its large critical diameter. 
Adsorptions carried out at 250 K showed the same variation in 
sorption rate with nature of the adsorbate, all sorption rates decreasing 
with temperature. The increases in weight observed after 100 minutes 
adsorption at 250 K and 280 K, listed in Table 6.12., illustrate this. 
Adsorbate 
Weight Adsorbed mg /g 
250 K 280 K 
Propene 20.73 
But -1 -ene 2.72 7.29 
Trans but -2 -ene 18.95 46.35 
Cis -but -2 -ene 1.21 1.54 
Methylcyclopropane 2.68 
Table 6.12. Weight adsorbed by erionite (N) after 100 minutes. 
External pressure admitted = 1.44 k Nm -2. 
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These results, showing a marked decrease in rate of sorption with 
decreasing temperature, are indicative of an activated diffusion 
process. The occurrence of such a process is reasonable in these 
systems where,once sorbed,the molecules diffuse through the cavities 
by passing through 8 -ring windows identical to those permitting initial 
entry and hence having similar free dimensions to the critical diameters 
of the molecules. 
In the case of cis but -2 -ene if the slow weight gain following the 
initial adsorption on the surface is a result of gettering alone an 
increase in weight adsorbed with decreasing temperature would be 
expected due to both an increase in the gettering effect and to in- 
creased adsorption capacity of the external surface. Therefore the 
results in Table 6.12. tend to suggest a very slow rate of sorption 
of cis but -2 -ene into the erionite cavities at 280 K. This however 
is a tenuous conclusion due to the irreproducibility of the rate of 
gettering. 
The effect of increasing the temperature on the adsorption of propene 
is illustrated in Fig. 6.10. In contrast with the n- butenes the 
temperature at which propene is adsorbed may be increased without 
introducing complications in the analysis of results due to formation 
of reaction products substantially different from the initial adsorbate. 
Fig. 6.10.(a) shows the adsorption of propene at 280 K, after 80 minutes 
the temperature is increased to 300 K resulting in an increase in 
adsorption rate. In Fig. 6.10.(b) following an initial adsorption at 
300 K the temperature is increased to 373 K at a heating rate of 2K /min. 
A slight increase in adsorption rate is observed but as this is 
accompanied by a decrease in the sorption capacity it is not a true 
measure of the increased rate of sorption and diffusion. 
24 
24 
20 40 60 80 
Time /mins 
100 120 140 
20 40 60 80 100 
Fig. 6.10. (a) Adsorption of propene 
on Erionite (N) at 280 K, temperature 
increased to 293 K after 80 minutes 
120 
Time /mins 
(b) Adsorption of propene on Erionite (N) at 
293 K, temperature increased by 2K /min after 
80 minutes. 
External pressure = 144 k Nm 2) 
140 
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The decrease in sorption capacity is illustrated by the sharp decrease 
in weight as the temperature is further increased. 
The kinetics of sorption of trans but -2 -ene and but -1 -ene are 
illustrated in Figs. 6.11.(a) and (b) in which weight increase is 
plotted against t1/2. All the curves have a small foot which may be 
assigned to a rapid van der Waals adsorption upon the external crystal 
surfaces. In agreement with this the height of the foot decreases as 
the adsorption temperature is increased. The straight line.portions 
observed for all plots at low values of t1 are further evidence of a 
diffusion controlled sorption, the diffusion law (Eqn. 2. 2.) being 
obeyed. Generally the straight line portion tails off to a curve 
at higher values of t due to the decreased mobility of molecules in 
the zeolite cavities as neighbouring cavities become increasingly 
occupied. The maintenance of a straight line for but -1 -ene adsorption 
at 250 K until t1/2 >i 10 is presumably a consequence of the small amount 
of adsorption observed, too few molecules having been admitted to the 
cavities to cause a substantial decrease in mobility. 
b) Desorption of C4H8 Isomers from Erionite (N) 
Desorption rates of all adsorbates studied were much smaller than 
those of adsorption. Adsorption and desorption of trans but -2 -ene 
and but -1 -ene at 280 K are compared in Fig. 6.12. Apart from an 
immediate loss of 0.15 mg /g when the adsorption vessel was first 
evacuated no desorption of but -1 -ene was apparent. A similar weight 
loss of 0.14 mg /g was observed when the adsorption system containing 
cis but -2 -ene was evacuated. In contrast an exponentially decreasing 
rate of weight loss is observed for trans but -2 -ene although this 
becomes virtually zero when a large amount of adsorbate still remains 
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Fig. 6.11. (a) Adsorption of Trans But -2 -ene on Erionite (N) 
(b) Adsorption of But -1 -ene on Erionite (N) 
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Fig. 6.12. Adsorption and Desorption of Trans But -2 -ene and 
But -1 -ene on Erionite (N) at 280 K 
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Rates of desorption, like adsorption, are increased by heating 
although in the case of the butenes results will be complicated by 
isomerisation reactions. A sample of erionite on which but -1 -ene 
has been adsorbed exhibits a rapid weight loss of ca. 83% of the 
adsorbed material on increasing the temperature to 398 K. However pro- 
longed heating (400 minutes) at this temperature produced no further 
weight loss. On further increasing the outgassing temperature the 
remaining 17% was removed and the zeolite pre- adsorption weight attained. 
The adsorbed species retained by the zeolite at 398 K cannot be accounted 
for by cis but -2 -ene trapped within the zeolite cavities as reaction to 
trans but -2 -ene and but -1 -ene would occur, both of which may pass through 
the windows with relative ease. The retained weight may however be due 
to adsorbed polymeric species or material gettered from the remainder of 
the apparatus. Evidence for the formation of polymeric species during 
isomerisation of but -1 -ene on decationised Y zeolite196 has been 
reported. 
c) Adsorption of C3H6 and C4H8 Isomers on Erionite (T) 
Similar adsorption experiments using erionite (T) demonstrated a 
similar dependency of rate of sorption on nature of the adsorbate to 
that observed on erionite (N). The rates of adsorption of the n- butenes 
and methylcyclopropane at 280 K, illustrated in Fig. 6.13, are in the 
order:- trans but -2 -ene > but -1 -ene > methylcyclopropane > cis but -2- 
ene. Again the rate of weight increase on admission of cis but -2 -ene 
is much less than that of the other isomers and only slightly larger 
than the weight increase due to gettering. However comparison of 
adsorption of cis but -2 -ene at 280 K and 298 K after admission of an 
external pressure of 1.6 k Nm -2 (Fig. 6.14.) suggests that some sorption 





gi Trans But -2 -ene 
But -1 -ene 
Q Methylcyclopropane 
0 Cis But -2 -ene 
10 20 
I I i I 
30 40 
Time/ mins. 
Fig. 6.13. Rates of adsorption of C4H10 
Isomers on Erionite (T) at 280 K 































































































































weight increase is greater at 298 K than at 280 K, a result not 
compatible with the weight increase being due solely to gettering. 
However even at 298 K the rate of sorption of cis but -2 -ene is less 
than the other C4 isomers at 280 K. 
Critical diameters which were not available in the literature were 
estimated by constructing scale models using Catalin Covalent Models and 
finding the smallest tube through which these models could pass. 
The estimated values together with literature values, where available, 
are listed in Table 6.13. 
Molecule a /nm a 0/ nm b 
Propene 0.495 0.495 
But -1 -ene 0.495 0.495 
Cis but -2 -ene 0.53 0.558 
Trans but -2 -ene 0.495 0.495 
3 Methyl but -1 -ene 0.59 
2 Methyl but -1 -ene 0.59 
2 Methyl but -2 -ene 0.59 
Pent -1 -ene 0.495 
Cyclopropane 0.51 0.52 
Methylcyclopropane 0.54 
1,1 Dimethylcyclopropane 0.61 
t -1,2 Dimethylcyclopropane 0.56 
Table 6.13. Critical diameters a a = Estimated 
b = Literature 
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With the exception of cis but -2 -ene good agreement between estimated 
and literature values was obtained. 
The critical diameter of methylcyclopropane is greater than that 
of trans but -2 -ene and but -1 -ene accounting for its slower rate of 
sorption and diffusion although its dipole moment (ca. O.16D) also 
contributes to the diffusion rate. Adsorption of methylcyclopropane 
does not exhibit the same sharp immediate increase in weight evident 
in cis but -2 -ene adsorption and ascribed to adsorption on the external 
surface. This is presumably a consequence of a greater interaction 
between external surface sites and the butenes. 
As smaller doses of adsorbate were admitted to erionite (T) 
Figs. 6.9. and 6.13. cannot be compared directly. However the 
apparently more rapid attainment of equilibrium on adsorption of trans 
but -2 -ene by erionite (T) suggests the presence of windows which are 
slightly larger or less hindered than in erionite (N). Further 
evidence for this is demonstrated by comparison of the rates of 
adsorption of propene and butene on the two erionites at 280 K following 
admission of identical doses of adsorbate. (Fig. 6.15.). The rates of 
adsorption of both propene and but -1 -ene are substantially greater in 
erionite (T) than in erionite (N). Interestingly the ratio of the 
rates of adsorption of propene and but -1 -ene (in terms of molecules 
adsorbed after 10 minutes adsorption) were almost identical for the 
two samples, 4.29 for erionite (N) and 4.03 for erionite (T). 
After adsorption of 28.65 mg /g of propene at 280 K removal of the 
low temperature bath resulted in a decrease in weight due to decreased 
sorption capacity. In contrast erionite (N) displayed a sorption 
capacity of ca. 28 mg /g at ca. 353 K assuming sample temperature 
doesn't lag behind furnace temperature substantially (Fig. 6.10.(b)). 
This smaller sorption capacity of erionite (T) provides further evidence 
II Propene /Erionite (T) 
. But -l- ene /Erionite (T) 
Q Propene /Erionite (N) 
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Fig. 6.15. Rates of Adsorption of Propene and But -1 -ene 
on Erionites (N) and (T) at 280 -2K. 
(External pressure = 1.44 kN m .) 
123 
for the presence of a substantial amount of amorphous material first 
suggested by the differences in surface areas of the two samples. 
Rates of adsorption increased with increasing external pressure of 
adsorbate admitted to the zeolite (Fig. 6.16.). Weight increases 
observed after admission of various external pressures of but -1 -ene 













Table 6.14. Sorption of But -1 -ene by Erionite (T) 
The adsorption isotherm obtained for trans but -2 -ene at 280 K is 
illustrated in Fig. 6.18. It was not possible to obtain isotherms 
for the other adsorbates because of the time required to attain 
equilibrium thus introducing a large error due to gettering. The 
observed sorption capacity of trans but -2 -ene corresponds to adsorption 
of 6.8 x 10 -4 moles /g. The sorption capacity of propene at 280 K 
(28.65 mg /g) was also 6.8 x 10 
-4 
moles /g. 
The results discussed in the previous paragraphs have referred to 
systems where only one adsorbate is present, assuming no reaction has 
occurred. Adsorption results in the presence of other species may 
be quite different. This is illustrated by the adsorption of trans 
12 
External Pressure = 2.5 kN m -2 
External Pressure = 15.4 kN m -2 
4 
10 20 30 
Time /mins 
40 50 60 
Fig. 6.16 Adsorption of But -1 -ene on Erionite (T) at 280 K 
70 
10 20 ' 30 40 
Time /mins 
50 60 70 
Fig. 6.17. Adsorption of Trans But -2 -ene on Erionite (T) at 280 K 
following adsorption of 10 mg /g But -1 -ene 












































































































but -2 -ene on an erionite (T) sample on which 10.0 mg /g but -1 -ene has 
already been adsorbed. (Fig. 6.17.). Instead of observing rapid 
entry and diffusion in the erionite cavities, as demonstrated when only 
trans but -2 -ene was present, (Fig. 6.13.) a much slower rate of weight 
increase was observed. Hence the presence of but -1 -ene within the 
zeolite decreases the rate at which trans but -2 -ene is adsorbed. 
The structure of erionite is such that diffusion within the cavities 
involves passage through 8 -ring windows identical to those which 
permit the initial entry to the cavity. The sorption of molecules 
with diameters close to the dimensions of these windows is a diffusion 
controlled process. Hence although trans but -2 -ene can pass through 
the windows easily even in the presence of but -1 -ene its diffusion and 
hence its rate of sorption is controlled by the diffusion of the but- 
1-ene molecules within the cavities. 
d) Desorption of C4H8 Isomers from Erionite (T) 
As observed with erionite (N) the rate of desorption from erionite (T) 
is less than that of adsorption. Whereas adsorption of trans but -2 -ene 
at 298 K resulted in an immediate large increase in weight (30.8 mg /g 
in first 5 minutes) and rapid attainment of equilibrium desorption was 
much slower as illustrated in Fig. 6.19.(a). Desorption diffusivities 
of between one -tenth and one - seventieth of the corresponding adsorption 
diffusivities for the n- alkanes in erionite have previously been 
reported. The higher rate of desorption of but -1 -ene from erionite (T) 
at 280 K (Fig. 6.19.(b)) than from erionite (N) (Fig. 6.12.) provides 
further evidence for the presence of slightly larger less hindered 
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Fig. 6.19. (a) Desorption of Trans But -2 -ene from Erionite (T) 
at 298 K 
(b) Desorption of But -1 -ene from Erionite (T) at 
280 K 
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e) Adsorption of 
C5H10 
isomers on Erionite (T) 
The adsorption of 1,1,dimethylcyclopropane and the methyl butenes 
on erionite (T) were investigated gravimetrically as preliminary, 
1,1 DMCP isomerisation studies had indicated a substantial decrease in 
the gas phase with time. An adsorption temperature of 237 K was chosen 
in order to minimise the extent of reaction of 1,1 DMCP and prevent 
condensation at the pressures used. The saturated vapour pressures 
of the materials studied are listed in Table 6.15. 
Adsorbate S.V.P. at 243 K 
k Nm -2 
2 Methyl but -2 -ene 2.8 
2 Methyl but -1 -ene 4.0 
3 Methyl but -1 -ene 7.5 
1,1 Dimethylcyclopropane 7.5 
Cis but -2 -ene 16.0 
Table 6.15. Saturated Vapour Pressures 
An external pressure of 1.4 k Nm 2 was admitted to the adsorption 
vessel, this, in the absence of adsorbent, would equilibrate in the 
increased volume to ca. 0.5 k Nm 2, a value well below the saturated 
vapour pressure of any of the adsorbates. The results observed are 
illustrated in Fig. 6.20. Admission of 2 methyl but- l -ene, 2 methyl 
but -2 -ene and 1,1 DMCP results in a rapid increase in weight with 
time whereas with 3 methyl but -1 -ene an increase in weight comparable 
to that of gettering was observed. Consideration of the critical 
diameters of these molecules (Table 6.13) demonstrates that these 
results cannot be due to a selective adsorption. Furthermore, 
1 I I 
I 
I I 
10 20 30 40 50 
Time /mins. 
Fig. 6.20. Increase in Weight of Erionite (T) on Adsorption 
of some 




admission of cis but -2 -ene to the erionite at 237 K did not result in 
any increase in weight other than that attributed to the external 
surface and to gettering. Interestingly, the initial weights adsorbed 
on the external surface after admission of cis but -2 -ene (1.39 mg /g) 
and 3 methyl but -1 -ene (2.0 mg /g) corresponded to 1.5 x 1019 and 
1.7 x 1019 molecules respectively. It would therefore appear that the 
further increases in weight observed following admission of the methyl 
butenes are due to condensation. This is substantiated by the rate 
of weight increase decreasing with increase in saturated vapour pressure 
although it is difficult to establish why 3 methyl but -1 -ene with 
approximately the same vapour pressure as 1,1 DMCP does not show any 
signs of condensation. Moreover this effect is apparent at pressures 
well below the saturated vapour pressures of all adsorbates. 
The results of similar experiments at 280 K, where condensation 
would be even more improbable, are illustrated in Fig. 6.21. Virtually 
no adsorption of 2 methyl but -2 -ene other than that on the external 
surface is observed. A small weight increase however is apparent with 
1,1 DMCP the rate of weight gain increasing with increased external 
pressure admitted. Although a substantial amount of 1,1 DMCP 
isomerisation occurs at this temperature the only products observed 
are the methyl butenes. Hence the increase in weight cannot be 
rationalised in terms of sorption of other C5H10 isomers such as the 
pentenes. 
f) Desorption of C 5111 Isomers from Erionite (T) 
Desorption of 2 methyl but -2 -ene and 2 methyl but -1 -ene at 243 K are 
illustrated in Fig. 6.22.(a). The desorption rates of the two isomers 
are similar but much less than that of adsorption. Evacuation after 
admission of 1,1 DMCP at 280 K (Fig. 6.24 (b)) shows an initial fast 
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Time /mins. 
Fig. 6.21. Adsorption of some C5H10 
isomers on Erionite (T) at 280 K. 
40 50 60 
20 (a) 
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2 methyl but -2 -ene 
O 2 methyl but -1 -ene 
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(b) 
Fig. 6.22. (a) Desorption of 2 methyl but -2 -ene and 
2 methyl but -1 -ene at 237 K from erionite (T) 
(b) Desorption of 1,1 DMCP at 280 K from erionite (T). 
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g) Summary of Adsorption Results over Erionite 
Adsorption experiments have shown distinct differences in the 
adsorption properties of zeolite omega and erionite as a consequence 
of their framework structure. Whereas the n- butenes and MCP are 
readily adsorbed by zeolite Q, these molecules have critical diameters 
close to the dimensions of the erionite windows and hence an activated 
diffusional process is involved in their sorption by erionite. As a 
consequence different rates of sorption dependent on their critical 
diameter and polarity are observed. 
The two samples of erionite exhibit slightly different adsorption 
characteristics, faster sorption rates being observed for erionite (T). 
This is indicative of a slightly larger, less hindered pore window 
permitting entry to the cavities of erionite (T). The presence of a 
substantial amount of iron substituted for aluminium in the framework 
of erionite (N) may result in slightly smaller free dimensions of the 
8 -ring windows. Moreover exchange of Na+ by Ca2+ in natural erionite 
has been shown to increase the rate of n- butane sorption164 whereas 
K+ exchange decreased the sorption of n- pentane by a factor of 10159. 
Results of X -ray fluorescence spectroscopy (discussed in Section 6.1) 
indicate that erionite (N) contains less Ca 
2+ 
ions and more K 
+ 
ions 
than erionite (T). These factors alone would result in a difference 
in rates of sorption demonstrated by the two samples. Moreover, all 
the remaining Na+ ions (0.24 equiv. /g atom Al) in erionite (T) appear to 
have been exchanged with Fe 
3+ 
ions. This replacement of three 
univalent ions by one trivalent ion results in a further 'opening' 
of the apertures. 
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The differences in ionic composition should also result in different 
sorption capacities, that of erionite (T) being greater than erionite (N). 
Adsorption results tend to suggest the opposite. This is not unreason- 
able because of the strong possibility of some amorphous material in 
erionite (T) as indicated by surface area measurements. 
The methyl butenes and 1,1 DMCP do not appear to enter the 
erionite cavities but, at low temperatures, condense on the zeolite 
at pressures well below their saturated vapour pressures at that 
temperature. In contrast zeolite 0, able to sorb cyclohexane, would 
be expected to sorb these molecules within its main channels. 
6.3. Catalyst Activity 
The variation in catalytic activity of the zeolites with pre- 
treatment conditions was investigated before the various reactions 
described in this thesis were studied in detail. 
6.3.1. Zeolite 0 
The effect of pretreatment on the catalytic activity of 
zeolite 0 was investigated using the isomerisations of but -1 -ene and 
methylcyclopropane (MCP) as test reactions. A sample outgassed at 
723 K showed no but -1 -ene isomerisation activity even at a reaction 
temperature of 419 K. In contrast, samples outgassed between 763 K 
and 948 K exhibited considerable activity as shown by the first order 

















763 16 2.3 212 
823 16 7.7 263 
873 16 14.5 278 
948 16 5.2 238 
823 45 15.9 295 
Table 6.16. Rate Constants for But -1 -ene Isomerisation over 
Zeolite 0 as a Function of Outgassing Conditions. 
The variation in catalytic activity with outgassing temperature is 
illustrated in Fig. 6.23. Isomerisation activity increases rapidly 
with increasing overnight (16 hr) outgassing temperature to a sharp 
maximum at ca. 873 K. At outgassing temperatures greater than this 
the activity decreases quite rapidly with further increase in tempera- 
ture. Prolonged outgassing (45 hours) at 823 K resulted in a catalyst 
with substantially higher activity than a sample outgassed at the same 
temperature overnight (16 hours). The activity of this sample was the 
maximum observed for but -1 -ene isomerisation over zeolite 2. 
The corresponding surface areas of the samples are also listed in 
Table 6.16. A plot of activity versus surface area (Fig. 6.24) 
illustrates the similar dependence of activity and surface area on 
outgassing conditions. 
The variation in catalytic activity with outgassing time, indicated 
in the but -1 -ene experiments was investigated in more detail using MCP 
as reactant. Preliminary experiments showed that subsequent isomerisation 
of but- l -ene, formed as a product from MCP isomerisation, proceeded at 
the same rate as but -1 -ene originally admitted as reactant. Hence 
O Outgassed for 16 hrs 
Outgassed for 45 hrs 
15 
Outgassing Temperature /K 
Fig. 6.23. Activity of Zeolite SZ for But -1 -ene Isomerisation 







Surface area /in2g 
-1 
300 
Fig. 6.24. Activity of Zeolite SZ for But -1 -ene Isomerisation 
at 328 K as a Function of Surface Area 
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variation of activity of zeolite 2 for both MCP and but -1 -ene isomer - 
isation as a function of outgassing time could be investigated 
simultaneously. Table 6.17. lists the 1st order rate constants of samples 
outgassed for various periods of time at 823 K. The rate of MCP 
isomerisation was followed at 328 K and the slower isomerisation of 
but -1 -ene at 340 K. Rates of isomerisation of samples pretreated with 
oxygen are also tabulated. The results are represented graphically 
in Fig. 6.25. The catalytic activities of zeolite Q for MCP and 
but -1 -ene isomerisation as a function of outgassing time at 823 K 
follow parallel trends, the rate of disappearance of MCP at 328 K 
being approximately 3.5 times the rate of disappearance of but -1 -ene 
at 340 K for a given pretreatment. The activity towards both reactants 
increases with outgassing time, a maximum being achieved after 40 hours 
and maintained for outgassing periods in excess of 80 hours. 
The enhancement of activity by oxygen pretreatment is illustrated 
in Figs. 6.26 (a) and (b). The maximum activity achieved after 
40 hours outgassing was attained after a 20 hour thermal outgassing 
incorporating an oxygen treatment. The oxygen- treated samples 
retained the original white colour of the zeolite whereas samples which 
had only received thermal treatment were grey, the intensity of the 
coloration increasing with increased outgassing time. The grey colour 
of the vacuum outgassed samples must be due to a carbonaceous residue, 
from the decomposition of the TMA ions, being deposited on the surface. 
In an oxygenating environment decomposition of the TMA ions may follow 
different pathways, any carbonaceous residue presumably being oxidised 
and removed as carbon dioxide. It is interesting to note that both 













4 .19 -8.57 
6 .63 -7.37 
12 1.46 -6.53 4.67 -7.67 
16 2.08 -6.18 
16 11.33C -6.78 
17.5 3.69 -5.60 11.8 -6.74 
19.5 15.92C -6.44 
21 5.51 -5.20 18.3 -6.30 
34.5 8.53 -4.76 
40 10.1 -4.60 29.3 -5.83 
65 9.8 -4.63 28.2 -5.87 
86 10.5 -4.56 26.0 -5.95 
87.5 9.5 -4.66 29.8 -5.82 
2 D 3.58 -5.63 6.66 -7.31 
9.5D 7.50 -4.89 22.0 -6.12 
20 D 10.05 -4.60 27.4 -5.90 
40 D 10.28 -4.58 26.1 -5.95 
Table 6.17. Rates of Isomerisation of MCP and But -1 -ene over Zeolite Q 
outgassed at 823 K. 
k = 1st order rate constants for disappearance of MCP at 328 K. 
a 
kb = 1st order rate constants for disappearance of but -1 -ene at 340 K. 
C = Results from but -1 -ene admitted as reactant in contrast to 
majority of results which were obtained for the disappearance 
of but- l -ene, formed as a product from MCP isomerisation. 


























































































































































































































































































Q Thermal Treatment 
ID Thermal + Oxygen Treatment 
I 1 I I 
20 40 
Outgassing Time /hr 
60 80 
Fig. 6.26. Effect of Oxygen Treatment on Activity of Zeolite S2 
(a) MCP Isomerisation at 328 K 
(b) But -1 -ene Isomerisation at 340 K 
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The variation of surface area of zeolite 52 with pretreatment has 
been attributed to the removal of TMA cations and a collapse of structure. 
It would not seem unreasonable to attribute the similar trend in catalytic 
activity to the same sources. Observed product ratios, activation 
energies and pre- exponential factors, discussed in detail in Chapter 7, 
demonstrate the same mechanism to be operative over samples pretreated 
under different conditions; the variation in activity being a conse- 
quence of a similar variation in the number of catalytically active 
sites. Although a definite trend is observed between catalytic activity 
and surface area (Fig. 6.24) it seems unlikely that the variation in 
active sites can be attributed merely to a change in the latter. If 
this were the case and removal of TMA cations resulted in a sodium 
zeolite, a much less active catalyst would be expected Ward having 
reported very low activity of zeolites containing only alkali metal 
cations. Moreover the increase in surface area with pretreatment 
temperature is due to removal of the TMA ions from the gmelinite cages 
making the internal surfaces of these cages available for nitrogen 
adsorption. Adsorption experiments involving the n- butenes and MCP 
have, however, indicated that these molecules are not admitted to the 
gmelinite cages and hence, the internal surface area available to 
these molecules is the same whether the TMA ions are present or 
absent. Furthermore, if the zeolite surface area was the important 
factor oxygen treated samples would be expected to exhibit greater 
activities than thermally treated samples which show definite carbon 
deposition although it is conceivable that the carbonaceous residues 
need not be deposited on the active sites. 
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It therefore seems probable that the variation in activity with 
removal of the TMA cations is caused by the generation of catalytically 
active sites during the decomposition of these ions. Wu et aí90 have 
reported evidence for the generation of acidic structural hydroxyl groups 
from decomposition of TMA- affretite. These workers have postulated a 
number of mechanistic pathways which will explain both the complex 
product distribution and the generation of protonic acid sites. During 
decomposition of the TMA cations protons are released which interact with 
lattice oxygens to give rise to hydroxyl species. Weeks et al176 have 
reported the appearance of a similar hydroxyl groupsafter calcination of 
ammonium exchanged Q zeolite in air at 673 K. This hydroxyl group 
achieved maximum intensity at 873 K although X -ray diffraction showed 
that the zeolite had become amorphous at this temperature. These 
observations caused the authors to suggest that the hydroxyl group was 
not part of the zeolite framework but due to a hydroxy- aluminium species. 
In contrast the correlation between activity and surface area shown in 
Fig. 6.24 suggests that the hydroxyl groups generated here are part of 
the zeolite lattice. 
It can be concluded therefore that the catalytic activity of 
zeolite 0 would appear to be a function of the number of acidic hydroxyl 
groups generated by the decomposition of the TMA ions. Furthermore the 
observed relationship between activity and removal of TMA (evidenced by 
surface area measurements) suggests that at least a proportion of these 
active sites must be generated in positions accessible to reactant 
molecules i.e. in the main channel. 
The foregoing has provided an explanation for the observed increase 
in activity with pretreatment temperature. However activity, in addition 
to surface area, attained a sharp maximum beyond which both parameters 
decreased rapidly with further increase in temperature. Decrease in 
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activity could therefore be attributed to a decrease in the surface area. 
Conversely it could be due to dehydroxylation resulting in a decreased 
number of sites. Dehydroxylation of zeolites at temperatures in excess 
of 673 K has been reported in a number of instances. Weeks et a1176 
have reported crystal collapse of ammonium exchanged D zeolite near 
773 K prior to dehydroxylation and the hydroxyl groups of offretite 
generated from TMA decomposition undergo dehydroxylation at 773 K. 
It therefore seems likely that dehydroxylation of zeolite D is occurring 
at temperatures >873 K resulting in a decreased activity. It is possible 
that such a process may be accompanied by a slight alteration in structure 
resulting in the almost parallel decrease in surface area. 
6.3.2. Erionite 
Isomerisation of MCP over samples of erionite (N) and (T) 
outgassed at 623 K and 673 K exhibited no alteration in rate with 
outgassing temperature. This correlates with the constant surface 
area observed over this temperature and suggests that, if hydroxyl 
groups are the active sites, no dehydroxylation of the surface occurs 
at temperatures below 673 K. 
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Chapter 7 
Results and Discussion - Part II 
Isomerisation Reactions 
7.1. Reactions of n- Butenes 
7.1.1. Reactions over Zeolite 2 
a) But -1 -ene Isomerisation 
The variation in activity of zeolite 2 for but -1 -ene isomerisation 
as a function of pretreatment has been discussed in Section 6.3. 
Samples outgassed between 773 K and 984 K exhibited isomerisation 
activity in the temperature range 291 K - 365 K. Maximum activity 
was observed for samples outgassed at 823 K for 20 hours and oxygen 
treated or samples outgassed at this temperature for periods in excess 
of 40 hours. 
A typical reaction plot for but -1 -ene isomerisation over zeolite 
2 is illustrated in Fig. 7.1(a). The derived first order plot is 
shown in Fig. 7.1(b). All samples studied, regardless of pretreat- 
ment or reaction temperature, exhibited first order plots in which an 
initial fast rate (lasting for ca. 10 -20 minutes) and a slower steady 
rate, maintained until ca. 90% but -1 -ene conversion, were apparent. 
The results are given in Table 7.1, the first order rate constants 
quoted being those of the slower steady rate. 
The Arrhenius plots, shown in Fig. 7.2, illustrate the variation 
of activity with pretreatment conditions discussed in Chapter 6. No 
change in activation energy is apparent, the activity pattern being 
due to an alteration in the pre- exponential factor with pretreatment. 
If this factor is taken a measure of the number of sites available, 
the data in Table 7.1 agrees well with the proposed formation of sites 
by TMA ion decomposition and their reduction in number by dehydroxyl- 
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Fig. 7.1 (a) Reaction path for But -1 -ene Isomerisation over 
Zeolite Q at 349 K 
(b) Derived first order plot 
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Cis and trans but -2 -ene were the only products of the reaction, 
no isobutene being observed. Comparison of the initial product ratios 
(Table 7.1) with the equilibrium data indicates the stereoselective 
nature of the isomerisation. In the temperature range studied the 
cis /trans ratio was always < 1 and showed a general trend with reaction 
temperature, the cis /trans ratio increasing as the temperature is 
increased. This variation with temperature is suggestive of a 
difference in energy between the transition states leading to the 
respective products, with the barrier to formation of cis being greater 
than that of trans. The temperature dependence of the initial 
selectivity ratio, plotted according to the Arrhenius equation (Fig. 7.3) 
yields a difference in the activation energies of ca. 3 kJ mol . This 
is a substantial difference since most acidic catalysts exhibit cis /trans 




indicative of transition states of similar energy. Furthermore such 
an energy difference is not reflected in the absolute product ratios 
which, in the temperature range studied, should lie between.21 and.29 
and not .51 to .71 as observed. It is likely that factors other than 
a difference in energy of the respective transition states are contri- 
buting to the observed product ratio. Adsorption studies (Section 
6.2.1) have suggested stronger adsorption of cis but -2 -ene than the 
other two isomers, occurrence of which could contribute to the low 
cis /trans ratios observed. Alternatively the reaction may not be 
entirely kinetically controlled. 
Little change in product ratio with extent of reaction was apparent 
until the equilibrium concentration of but -1 -ene was approached. No 






Fig. 7.3. Arrhenius Plot of Variation in Cis /Trans Product Ratio 
with Temperature over Zeolite 2 
X 823K/16 hrs 
873K/16 hrs 
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Fig. 7.4. Arrhenius Plots of Variation in Trans But -2 -ene /But -1 -ene 
and Cis But -2 -ene /But -1 -ene Ratio over Zeolite 0 
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was observed although slightly higher ratios were apparent after 
outgassing at 948 K. Detreköy et al91 have reported a similar 
reduction in selectivity of clinoptilolite at pretreatment temperatures 
above that at which lattice destruction starts (873 K). 
b) But -2 -ene Isomerisation 
Experiments starting with cis and trans but -2 -ene were carried out 
on samples which had been outgassed under conditions necessary to achieve 
maximum activity. A typical reaction profile for trans but -2 -ene 
isomerisation is shown in Fig. 7.5 together with the derived first order 
plot. This plot, displaying an initial fast rate followed by a slower 
steady one, is similar to that observed for but -1 -ene (Fig. 7.1) and 
was observed for all reactions of both trans and cis but- 2 -ene. For 
reactions of all three n- butenes the initial and steady first order 
rates were in the ratio of approximately 2.5:1. This initial rapid 
poisoning may be due to the formation of a polymeric residue as has 
been suggested on HY zeolite91 or irreversible adsorption of the 
butenes on certain sites. Unlike HY where poisoning is evident 
throughout the reaction, it is only observed in the initial stages of 
the reaction over zeolite Q. 
The rate constants and Arrhenius parameters for the disappearance 
of trans and cis but -2 -ene over zeolite Q are listed in Tables 7.2. 
and 7.3. respectively. The respective Arrhenius plots are shown in 
Figs. 7.6 and 7.7. 
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Trans But -2 -ene 
(a) 
O Cis But -2 -ene 
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Fig. 7.5 '(a) Reaction Profile for Trans But -2 -ene Isomerisation over 


























319 1.54 7.25 8.45 
341 3.08 7.25 7.59 
35.9 4.7 350.5 4.98 7.42 7.11 
358 6.46 6.40 6.67 
366 8.55 6.40 6.36 
Table 7.2 Arrhenius Parameters and Rate Constants for 




















317 1.63 9.0 25.6 
351 5.37 8.4 17.9 
31.6 3.2 364 5.53 7.1 15.5 
389 15.18 6.7 12.4 
409 24.54 
Table 7.3. Arrhenius Parameters and Rate Constants for 









Fig. 7.6. Arrhenius Plot for the Disappearance of Trans But -2 -ene 
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Fig. 7.7. Arrhenius Plot for the Disappearance of Cis But- 2 -ene, 
over Zeolite 52 
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Product Ratios 
The reaction of either of the but -2 -ene isomers resulted in the 
formation of but -1 -ene and the other but -2 -ene isomer as the only 
products. The initial selectivities of trans and cis but -2 -ene 
isomerisation are also listed in Tables 7.2. and 7.3. together with the 
equilibrium ratios. A high temperature dependent selectivity for 
cis -trans isomerisation over double bond shift is apparent. Calcul- 
ation of the differences in activation energies from the temperature 
dependence of the product ratios (Fig. 7.4.) yields the following 
values: 
EBut -1 -ene - ECis But -2 -ene - 
4 kJ mol 
-1 
-1 
EBut -1 -ene - ETrans But -2 -ene 7 
kJ mol 
Combination of these results suggest a difference in the activation 
energies of cis and trans but -2 -ene of 3 kJ mol -1, which is the same as 
that calculated from the temperature dependency of the cis /trans product 
ratio. 
c) Discussion 
Throughout the temperature range studied 
Trans But -2 -ene But -1 -ene Cis But -2 -ene 
But -1 -ene X Cis But -2 -ene Trans But -2 -ene 
0.8 
It is a necessary requirement of the triangular reaction scheme 
But -1 -ene 
Cis But -2 -ene ' Trans But -2 -ene 
that the above product is 1. However in view of the errors involved 
in determining the initial product ratios the value of 0.8 obtained does not 
appear to be incompatible with the above scheme although the individual 
rate constants cannot be calculated accurately. 
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The available data suggests that all reaction paths inter- 
connecting the three n- butenes exist and contribute to the product 
ratios. Thus any mechanism which requires that rate constants inter- 
connecting two isomers is zero cannot be solely responsible for the 
results. The only mechanism considered in the literature which will 
provide a direct pathway between all three isomers through a common 
intermediate is that involving the sec -butyl carbonium ion. 
The isomerisation reaction proceeding through this intermediate must 
be written as 
But -1 -ene - Sec -butyl carbonium ion /l 
Cis but -2 -ene 
Trans but -2 -ene 
and the energy diagram can be represented as in Fig. 7.8. 
Since the overall activation energies calculated for the dis- 
appearance of the but -2 -enes are the sum of two parallel reactions 
they are represented in Fig. 7.8. as the energy difference between 
reactant but -2 -ene and a barrier, intermediate between the energies 
of the transition states for but -1 -ene and the other but- 2 -ene. 
In view of the greater selectivity for cis -trans isomerisation it 
would not seem unreasonable for this barrier to be closer to the 
but -2 -ene transition state as shown. The derived activation energies 
for the disappearances of the but -2 -enes is consistent with such a 
picture. 
Previous studies of n- butene isomerisation on acidic catalysts, 
including zeolites, have reported cis /trans product ratios of 1 -2236 
and but -2 -ene /but -1 -ene ratios of ca.O.5- 1.1187 to be consistent 
with a mechanism involving the sec -butyl carbonium ion. However 
Misono and Yoneda191 have correlated cis -trans isomerisation /double 






But -1 -ene 
31.9 +2 
Cis But -2 -ene 
35.9 +2 
Trans But -2 -ene 
Sec butyl 
carbonium ion 
Fig. 7.8. Energy Diagram for Interconversion of n- Butenes over 
Zeolite 2 showing common intermediate. 
6.70 kJ mol -1 
5.02 kJ mol -1 
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selectivity (ca. 6.6) and activation energy difference (ca. 6 kJ mol ) 
over a strong acid catalyst (AlS) being similar to those reported here. 
Applying Hammonds236 that the transition state bears greater 
resemblance to the less stable state between initial and final ones it 
is expected that the transition state more nearly resembles the 
carbonium ion as the acid strength of the catalyst decreases. Over 
a strong acid the energy barrier of but -2 -ene formation is lower than 
that of but -1 -ene formation probably because the transition states 
reflect the energy differences of the but -1 -ene isomers. 
The high trans /cis selectivity and the activity also reflect the 
acid strength of the zeolite, Nishizawa et al237 having reported an 
increase in trans /cis ratio and activity with increasing acid strength. 
These workers have reported the following trans /cis ratios; HX 1.55, 
Ce X 1.62, Mg X .81, Ca X .74 in comparison with the ratios in the 
range 1.89 -1.28 observed over zeolite Q. 
The results reported here for n- butene isomerisation suggest that 
the zeolite H -0 generated by the thermal decomposition of TMA ions is 
strongly acidic. Wu et al90 have reported that a H- offretite gener- 
ated in a similar manner possesses a population of acid sites somewhat 
stronger than those in HY zeolite. It is probable that zeolite H -Q 
having a Si /Al ratio similar to that of offretite will possess sites of 
similar acid strength. 
7.1.2. Reactions over Erionite 
a) But -1 -ene Isomerisation 
Both samples of erionite (N) and (T) are active catalysts for the 
isomerisation of but -1 -ene although the temperature ranges over which 
similar rates of isomerisation were observed differed for the two 
zeolites; erionite (N), 349 -422 K and erionite (T), 295 -359 K. 
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This illustrates the difference in activity of the two samples. 
Typical reaction profiles and first order plots of but -1 -ene isomeris- 
ation over erionite (N) and (T) are shown in Figs. 7.9. and 7.10. 
respectively. The noticeable difference in product ratios is 
principally a function of temperature and will be discussed later. 
All first order plots of but -1 -ene disappearance over erionite (N) 
exhibited an initial acceleratory period followed by a steady first 
order rate maintained until but -1 -ene concentrations close to the 
equilibrium value are obtained. In contrast the first order plots 
over erionite (T) showed an initial decelerating period after which 
a steady rate was maintained. The rate constants tabulated together 
with the Arrhenius parameters in Tables 7.4 and 7.5 are those of the 
steady first order rates for both catalysts. The Arrhenius plots 
are illustrated in Fig. 7.11. In the temperature range common to 
studies over both erionites (348 -358 K) the rate of isomerisation of 
but -1 -ene over erionite (T) was ca. 15 times greater than that over 
erionite (N) although this factor alters with reaction temperature 
because of the difference in activation energy over the two erionites. 
Product Ratios 
The only products resulting from but -1 -ene isomerisation over 
both erionites were cis and trans but- 2 -ene. Initial cis /trans product 
ratios and the equilibrium values are listed in Tables 7.4. and 7.5. 
The product ratio decreases with extent of reaction, for example 
isomerisation of but -1 -ene at 327 K over erionite (T) exhibits an 
initial cis /trans selectivity of 1.56 which decreases slowly to a 
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Fig. 7.9. (á) Reaction Profile of Isomerisation of But -1 -ene on 
Erionite (N) at 416 K. 
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Fig. 7.10. (a) Reaction Profile for Disappearance of But -1 -ene 
over Erionite (T) at 311 K. 























349 1.76 1.35 .40 
359 3.07 1.24 .41 
373 5.01 1.0 .44 
55.9 10.6 381 7.52 .91 .45 
396 14.61 .85 .46 
416 37.94 .69 .48 
422 50.86 .51 .49 
Table 7.4. Arrhenius Parameters and Rate Constants for the 
Disappearance of But -1 -ene over Erionite (N) 
Activation 
Energy 
















295.5 2.3 1.8 .31 
295.5 2.05 1.8 .31 
311 5.03 1.69 .33 
39.9 7.8 327 10.76 1.56 .35 
333 12.13 1.37 .36 
337 15.0 1.40 .38 
347 25.84 1.33 .40 
358 37.56 1.39 .41 
Table 7.5. Arrhenius Parameters and Rate Constants for the 
Disappearance of But -1 -ene over Erionite (T) 
ln k 
Q Erionite (T) 
0 Erionite(N) 
1 I I I 
2.4 2.6 2.8 3.0 




Fig. 7.11. Arrhenius Plots for the Disappearance of But -1 -ene 
over Erionite 
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The initial cis /trans product ratios of both erionites are 
markedly dependent on reaction temperature, decreasing with increasing 
temperature. The temperature dependence of the selectivity is plotted 
according to the Arrhenius equation in Fig. 7.12 results for both 
samples lying on the same smooth curve. This suggests that a differ- 
ence in activation energy for formation of the but -2 -enes is not wholly 
responsible for the observed product ratios. However approximate 
straight lines may be drawn through the experimental points for each 
sample, as in Fig. 7.12, yielding activation energy differences for 
cis and trans but -2 -ene formation of ca. 15 and ca. 3 kJ mol -1 for 
erionites (N) and(T)respectively. Although the value for erionite (T) 
is not unreasonable it is difficult to visualise a situation in which 
the activation energy for formation of trans but -2 -ene is 15 kJ mol -1 
greater than that for cis but- 2 -ene. Moreover such a difference in 
energy would result in a much larger cis /trans ratio than observed 
and would not account for the observed change in cis /trans product 
ratio form >1 to <1 with increasing temperature. The curve shown in 
Fig. 7.12. therefore appears to be a more accurate representation of 
the results, factors other than activation energy differences contri- 
buting to the observed product ratios. 
b) But -2 -ene Isomerisation 
The isomerisations of cis and trans but -2 -ene over both types of 
erionite exhibited first order kinetics in disappearance of reactant. 
Typical reaction profiles and first order plots of trans and cis 
but -2 -ene isomerisation over erionite (N) are illustrated in Figs. 7.13. 
and 7.14. The first order plot for disappearance of trans but -2 -ene 
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Fig. 7.12. Arrhenius Plot of Temperature Dependence of Initial 
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Fig. 7.13. (a) Reaction Profile for the Isomerisation of Trans But -2 -ene 
over Erionite (N) at 420 K 







Fig. 7.14. (a) Reaction Profile for the Isomerisation of Cis But -2 -ene 
over Erionite (N) at 431 K. 
(b) Derived First Order Plot 
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whereas that of cis but -2 -ene exhibits an initial acceleratory period. 
The isomerisations of trans and cis but -2 -enes over erionite (T) display 
similar first order plots. The first order rate constants and Arrhenius 
parameters for disappearance of the but -2 -enes over erionite (N) and (T) 




















307 .72 2.92 9.4 
313 .86 2.47 9.2 
39.4 5.8 322 1.11 1.46 8.5 
348 4.60 .87 7.1 
361 4.50 .58 6.6 
420 37.19 4.8 
445 87.0 4.2 
Table 7.6 Rate constants and Arrhenius Parameters for 



















312 2.7 3.60 9.2 
328 6.41 1.90 8.3 
337 10.1 1.95 7.7 
42.5 8.3 343 13.7 1.40 7.3 
349 18.9 1.10 7.1 
359 24.0 1.05 6.7 
385 68.4 1.0 5.7 
385 64.1 1.0 5.7 
Table 7.7 Rate constants and Arrhenius Parameters for Disappearance 





















327 .09 2.33 23.8 
349 .35 1.42 17.8 
55.2 8.7 418 7.66 1.34 9.8 
431 15.6 1.11 9.2 
437 17.0 1.50 8.5 
454 28.4 1.0 7.6 
479 48.2 1.11 6.4 
Table 7.8 Rate constants and Arrhenius parameters for the 





















311 8.33 1.20 29.6 
319 1.41 1.20 26.8 
62.2 14.6 327 2.58 1.05 23.8 
332 4.49 1.0 21.7 
343 7.69 1.05 19.6 
355 15.8 .90 16.9 
Table 7. 9 Rate constants and Arrhenius parameters for the 
disappearance of Cis But-2-ene over Erionite (T) 
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The Arrhenius plots are illustrated in Fig. 7.15 Both samples 
exhibit similar activation energies for the disappearance of cis and 
trans but -2 -ene with that of cis being substantially greater than that 
of trans. The greater activity of erionite (T) is again apparent but 
surprisingly at 345 K the rates of disappearance of the trans and cis 
isomers over erionite (T) are 30 times and 4 times these over erionite 
(N). The ratio of rates of but -1 -ene disappearance over the two 
catalysts at a similar temperature is ca. 14:1. 
Product Ratios 
Only but -1 -ene and the other but -2 -ene isomer are observed as 
products of the reaction of either cis or trans but- 2 -ene. The product 
ratio from either isomer changes considerably with extent of reaction, 
as illustrated in Fig. 7.16. Moreover a considerable alteration in 
product ratio in the initial 5% of reaction (Fig. 7.17) makes accurate 
determination of initial product ratios very difficult. In this 
period the trans but -2 -ene /but -1 -ene ratio displays an initial sharp 
increase followed by a much slower steady increase. Conversely the 
cis but -2 -ene /but -1 -ene product ratio appears to increase steadily 
from the start of the reaction. Although considerable errors are 
involved, particularly for reactions at higher temperatures, initial 
product ratios have been estimated and are listed in Tables 7.6 -7.9. 
But -2 -ene /but -1 -ene selectivities over both erionites are greater than 




o Trans But -2- ene /Erionite (T) 
Q Cis But -2- ene /Erionite (T) 
Trans But -2- ene /Erionite (N) 
Cis But -2- ene /Erionite (N) 
2.0 2.2 2.4 2.6 
1 X 103 
0 
T K 
2.8 3.0 3.2 
Fig. 7.15. Arrhenius Plots for Disappearance of But -2 
-enes 
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Fig. 7.16. Alteration of Product Ratio with Extent of Reaction 
over Erionite (N) 
(a) TB2 /B1 from Reaction of Cis But -2 -ene at 431 K 
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Fig. 7.17. Alteration of Product Ratio in the Initial Stages of 
the Isomerisation of the But -2 -enes over Erionite (N) 
(a) Trans But -2- ene /But -1 -ene 
(b) Cis But -2- ene /But -1 -ene 
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c) Discussion 
The shape selective characteristics of erionite, in particular the 
selective adsorption and reaction of n- alkanes in the presence of 
branched molecules, are well documented.134,159,166,167 Adsorption 
studies, already discussed in Chapter 6, have revealed differences 
in the rates of sorption of the three n- butenes at temperatures where 
activity for butene isomerisation is low. Although it was not possible 
to obtain meaningful sorption data at temperatures where appreciable 
isomerisation was occurring it is probable that selective adsorption 
will contribute to the kinetic results observed. 
Product ratios, particularly cis /trans ratios, tend to suggest the 
occurrence of a substantial amount of the reaction on the external 
surface. At low temperatures this ratio is >1 decreasing to <1 with in- 
creasing temperature. The high value at low temperatures may be 
attributed to a greater adsorption of trans than cis in the initial stages 
of the reaction. This selective adsorption effect will not be as great 
as that estimated from the rates of sorption of the individual isomers 
on account of the sorption and diffusion of but -1 -ene within the cavities 
reducing the trans but -2 -ene sorption rate. When the zeolite cavities 
are filled the sorption rate will presumably be determined by the rate 
of desorption, the latter being much slower.163 Hence the observed 
decrease in product ratio with extent of reaction may be assigned to a 
progression towards the true ratio, only a small degree of adsorption 
selectivity occurring in the latter stages of the reaction. Therefore, 
if the reaction is attributed to external surface sites only the true 
cis /trans ratio would appear to be 41. The observed reduction in the 
cis /trans product ratio with increasing reaction temperature could be 
rationalised in terms of a decreased trans /cis adsorption selectivity 
with temperature. 
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The cis but -2 -ene /but -1 -ene and trans but -2 -ene /but -1 -ene are 
also >1 at low temperatures and alter with extent of reaction. In 
particular, the trans but -2 -ene /but -1 -ene ratio shows a very rapid 
increase during the first few % of cis but -2 -ene conversion. This 
could be a consequence of an initial preferential adsorption of trans 
but -2 -ene over but- l -ene. After approximately 2% conversion enough 
cis but -2 -ene and /or but -1 -ene may have been adsorbed for their diffusion 
within the zeolite to limit the rate of sorption of trans but- 2 -ene. 
Alternatively the slow increase of product ratio after ca. 2% reaction 
could be regarded as the approach to the true product ratio. 
The shapes of the first order plots for the different n- butenes are 
also compatible with reaction on the external surface. The initial slow 
disappearance of cis but -2 -ene accelerating to a steady rate, could be 
explained by an initial selective adsorption of the reaction products 
(but -1 -ene and trans but- 2 -ene) leading to a gas phase concentration of 
cis but -2 -ene greater than the true overall concentration throughout 
the system. The acceleratory period for but -1 -ene disappearance over 
erionite (N) can be rationalised in a similar manner although with cis 
but -2 -ene as reactant both products are adsorbed more rapidly than the 
reactant whereas in but -1 -ene conversion one product is adsorbed more 
rapidly and the other more slowly than the reactant. In contrast, 
the rate of trans but -2 -ene disappearance exhibits an initial 
decelerating period which could arise from a greater initial adsorption 
of reactant resulting in a gas phase analysis of reactant concentration 
lower than the true value throughout the system. A similar profile 
was observed for but -1 -ene isomerisation over erionite (T). The 
difference in but -1 -ene profiles over the two systems may be due to 
their slightly different pore sizes. 
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All n- butene isomerisations over both erionites exhibit good 
first order kinetics after the initial acceleratory or decelerating 
period. If adsorption is assumed to be completed in the initial 
stages of reaction and desorption is much slower than adsorption, the 
kinetics of the latter stages of reaction should not be altered 
significantly by selective adsorption. Selective adsorption may not 
even be occurring as the presence and diffusion of cis but -2 -ene within 
the cavities may result in the rates of sorption of all 3 n- butenes 
being approximately the same. 
Although the above results appear to suggest the occurrence of a 
large part of the reaction on the external surface most studies over 
zeolites have assumed the occurrence of the major part of the reaction 
within the pores, the increased activity of zeolites over silica alumina 
catalysts being attributed, in part, to their larger surface area 
resulting in more active sites. Indeed, in many instances, evidence 
for reaction within the pores has been provided. However some observed 
catalytic activities of zeolites have been attributed to reactions 
occurring on the external surface only. Detrekoy et al91 in a study 
of but -1 -ene isomerisation over H- clinoptilolite concluded that the 
reaction was only occurring on the external surface sites. Norton128 
arrived at a similar conclusion as a result of the presence of branched 
chain alkenes as products from polymerisation reactions of alkenes over 
the small pore zeolites 4A, 5A and 5P. However with erionite (T), in 
particular, it is difficult to rationalise the occurrence of the majority 
of reaction on the external sites only in terms of the activity exhibited. 
Rates of butene isomerisation similar to those observed over zeolite 0 
in the same temperature range were observed. As the activity of 
zeolite 0 was comparable to that of HX and CeX this zeolite was 
concluded to be a strong acid. Erionite (T) would therefore also 
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appear to be strongly acidic. The activity and hence acid strength 
of erionite (N) are somewhat lower. Moreover, the occurrence of the 
reaction on the external surface alone should be reflected in the values 
of activation energies, the order expected being E(trans) > E(cis) > 
E(but- l -ene). This was not so with either of the erionite samples, 
the orders being E(cis) ti E(but- l -ene) > E(trans) for erionite (N) and 
E(cis) > E(but-l-ene) > E(trans) for erionite (T). Furthermore the 
ratios of the rates of disappearance of each of the n- butenes over 
the two erionites should be the same regardless of reactant, 
trans > but -1 -ene > cis was actually observed. These results therefore 
suggest that reaction is occurring on sites other than those on the 
external surface. 
In comparative studies of reactions of branched and n- alkanes over 
offretite and erionite, Chen167 has postulated the occurrence of 
diffusion -reaction control in erionite leading to apparent activation 
energies equal to the sum of (the diffusion activation energy /2) 
and (the reaction activation energy /2). Such control occurs in systems 
where intraphase diffusion is occurring not in series but simultaneously 
with reaction. Diffusional activation energies of very few molecules 
in erionite have been reported. Those available are compared with 
values in zeolites 5A and KT in Table 7.8. 
It would not seem unreasonable to assume activation energies for 
erionite intermediate between those of zeolites 5A and KT because of the 
difference in window shape and the presence of large K+ ions. Estimated 
values for diffusion of but- l -ene, trans and cis but -2 -enes might 
therefore be ca. 25, ca. 25 and ca. 70 kJ mol -1 respectively although 
these values will depend on the exact composition of the erionite sample. 
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Sorbate 
Diffusional Activation Energy /kJ mol 
-1 
5A64 Erionite74 Zeolite KT76,239 
Ethane C2H6 12.7 18.1 
Ethylene C2H4 11.55 9.8 




n- Pentane C5H12 19.3 21.0 24.8 
But -1 -ene C4H8 14.5 
t- But -2 -ene C4H8 14.5 
c- But -2 -ene C4H8 38.6 
Table 7. 10. Diffusion Activation Energies of Various sorbates in 
zeolites 5A, KT and erionite 
Activation energies for butene isomerisation over acid catalysts in 
the range 40 -50 kJ mol -1 have been reported.187,191 The observed 
activation energies are in reasonable agreement with the predicted 
values assuming diffusion- reaction control providing that the diffusion 
control is that of the reactant. This last prerequisite is difficult 
to rationalise in that the slowest step should be limiting and that 
would always seem to be the diffusion of cis but -2 -ene whether present 
as reactant or product. One would therefore expect the diffusional 
activation energy of cis but -2 -ene to contribute to all the observed 
activation energies. 
Over most acidic catalysts the observed order of activity is 
but -1 -ene > cis but -2 -ene > trans but- 2 -ene. Data in Table 7.11 
demonstrate that this is not so with erionite as catalyst; in particular 











































Table 7.11. Rate Constants for Disappearance of the n- Butenes on 
Erionites (N) and (T). 
Chen and Weisz137 have reported a similar result for hydrogenation rates 
of trans and cis but -2 -enes over Pt /CaA catalyst where the relative rates 
of hydrogenation ranged from 3.3 to 7 in the temperature range 
393 K - 371 K. The diffusivity of trans was shown to be ca. 200 times 
that of cis. 
Reaction of but -1 -ene within the erionite cavities would be 
expected to result in an observed initial cis /trans ratio <1 due to 
initial selective adsorption. Tempere et al239 have reported the 
following selectivities for butene isomerisation over CaA at 433 K; 
trans but -2 -ene /but -1 -ene = 2.6, but -1 -ene /cis but -2 -ene = 3.7 and 
trans but -2 -ene /cis but -2 -ene = 5.2. These ratios were attributed 
to reactions occurring within the pores, the electrostatic interactions 
between the molecules and the zeolite resulting in the easier 
exclusion of trans but- 2 -ene. The small amount of reaction on the 
external surfaces of zeolites NaA, KA and CsA resulted in trans /cis 
ratios of ca. .5 similar to those observed over wide -pore X and Y 
zeolites. Furthermore they demonstrated that a crystalline SrA zeolite 
exhibited a trans /cis ratio of ca. 
crystal structure was destroyed. 
n- alkanes have shown the rates of 
155 
5 which reduced to ca. .5 when the 
As sorption experiments of 
sorption of molecules in 5A zeolite 
to be more rapid than in erionite74 similar selectivity results might 
have been expected here. 
Therefore the available activity and selectivity results do not 
show conclusively whether the reaction is occurring on the external 
or internal surface sites. There may in fact be a significant contri- 
bution from sites in both locations. The adsorption data has however 
indicated that the initial product ratios observed are apparent values 
and hence it is not possible to postulate a reaction mechanism on the 
basis of these results. 
7.2. Reactions of Substituted Cyclopropanes 
7.2.1. Reactions over Zeolite 2 
a) Methylcyclopropane Isomerisation 
The activity of zeolite 2 for isomerisation of MCP as a function 
of pretreatment conditions has been discussed in Chapter 6. To derive 
the activation energy, the reaction was studied in the temperature 
range 295 K - 335 K following pretreatment at 823 K for 13 hours and 
40 hours respectively. A typical reaction profile is shown in Fig. 
Fig. 7.18.(a). Unlike the n- butenes, the disappearance of MCP appears 
to follow first order kinetics from the beginning of the reaction as 
demonstrated by the typical first order plot in Fig. 7.18.(b). 
Moreover, good first order kinetics are observed for conversions of 
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(a) Reaction Profile for MCP Isomerisation at 325 K 
over Zeolite Q (outgassed for 13 hours at 823 K) 
Fig. 7.18. 
80 100 120 
(b) Derived First Order Plot 
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The first order rate constants and derived Arrhenius parameters 
























823 >40 51.7 14.35 317.5 59.67 
328 95.0 
331.5 119.17 
Table 7.12. Rate constants and Arrhenius Parameters for 
Disappearance of MCP over Zeolite Q 
The Arrhenius plots are shown in Fig. 7.19. As observed for but -1 -ene 
isomerisation alteration in pretreatment conditions had no effect on the 
activation energy for isomerisation of MCP, the increase in activity 
resulting from an increase in the pre- exponential factor. 
Product Ratios 
The only products observed from the isomerisation of MCP over 
zeolite Q were the n- butenes, the initial product concentrations being 
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Fig. 7.19. Arrhenius Plots for the Disappearance of MCP over 
Zeolite S 
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isobutene or cyclobutane were observed. The initial product ratios, 
given in Table 7.13 are very different from the equilibrium values 











Initial Product Ratios 









% % % % % % o % % % 
294 74.8 2.0 23.2 58.8 25.3 15.9 2.9 3.7 .4 1.6 
13 309 73.4 2.3 24.3 55.2 28.8 16.0 2.5 3.5 .5 1.8 
325 71.1 3.3 25.6 53.5 30.5 16.0 2.3 3.3 .5 1.9 
335 69.9 3.6 26.5 51.6 31.9 16.5 2.1 3.1 .6 1.9 
306 74.0 2.3 23.7 57.1 25.7 17.2 2.9 3.3 .4 1.5 
>40 317.5 72.5 2.9 24.6 56.1 27.0 16.9 2.4 3.3 .5 1.6 
328 71.1 3.3 25.5 54.3 28.8 16.9 2.5 3.2 .5 1.7 
331.5 71.0 3.3 25.6 53.2 30.3 16.5 2.3 3.2 .6 1.8 
Table 7.13. Initial Product Ratios from MCP Isomerisation over 
Zeolite SZ 
Product ratios, like activation energies were independent of pretreat- 
ment conditions. 
The variation in product composition with extent of reaction is 
illustrated in Fig. 7.20. Very little change is apparent until 
ca. 40% conversion after which the % concentration of but -1 -ene in the 
products decreases while that of the but -2 -enes decrease. This 
indicates the slower secondary isomerisation of but -1 -ene compared to 
MCP. Comparison of rates constants shows that the rate of 

















0 Trans but -2 -ene 
0 But -1 -ene 
0 Cis but -2 -ene 
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% MCP Conversion 
Fig. 7.20 Variation in Product Composition with extent of MCP 
conversion over Zeolite C 
(Reaction at 326 K) 
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with the cis /trans ratios ( <1) observed for but -1 -ene isomerisation, 
the secondary reaction causes a greater change in the % of trans 
but -2 -ene in the products than that of cis but- 2 -ene. 
The variation of the product ratios with temperature indicates 
some contribution of transition state energy levels to the observed 
selectivities as discussed in Section 7.1. Arrhenius plots of the 
selectivity temperature dependence yield the following differences in 
activation energies; E - E _ 3 kJ mol -1, E - E - 
cis trans but -1 -ene trans 
- 
3 kJ moll. Such differences alone 5 kJ mol -1 and Ecis 
- Ebut -1 -ene 
would not result in the absolute product compositions observed and 
hence other factors must be contributing to the product selectivities. 
Reactions of But -1 -ene after MCP Isomerisation 
Extended reactions were carried out in which, after complete 
conversion of MCP, the isomerisation of product but -1 -ene to but -2 -ene 
was observed. A typical profile of such an extended reaction is shown 
in Fig. 7.21 with the derived first order plot for the subsequent 
disappearance of but- l -ene. Rate constants identical to those 
observed using but -1 -ene as the initial reactant were obtained. 
Furthermore, when 1020 molecules of but -1 -ene were admitted to the 
catalyst following 90% MCP conversion and gas phase removal, first 
order kinetics were observed from the start of the reaction. This 
provides further evidence for the initial decelerating period observed 
in n- butene isomerisation being due to blockage of sites by residue or 
irreversibly adsorbed alkene molecules. It also suggests that the 
MCP reaction occurs on different sites from that of the n- butenes as 
otherwise some poisoning of the MCP reaction would be expected after 
some n- butenes had been produced. 
® MCP 
Trans But -2 -ene 
Q But -1 -ene 
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Time /mins 
Fig. 7.21. (a) Extended Reaction of MCP over Zeolite Q 
(Reaction Temperature = 339 K) 
(b) First Order Plot of Disappearance of But- l -ene. 
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Discussion 
The transition state through which MCP passes during its isomeris- 
ation to butenes must be much higher than those involved in n- butene 
interconversion because of the thermodynamic instability of MCP relative 
to the butenes. 
The absence of isobutene and cyclobutane from the observed products 
of MCP isomerisation is indicative of a proton addition mechanism. 










Proton addition to 1C would always result in the formation of the 
n- butenes through 1C -2C cleavage whereas proton addition to 3C would 
be unfavourable as it would involve formation of an unstable primary 
carbonium ion. A proton addition mechanism involving the sec -butyl 
carbonium ion as intermediate has been proposed for the interconversion 
of the n- butenes over zeolite Q. However whereas isomerisation of 
the n- butenes yielded a product distribution of trans > cis » but- l -ene, 
the observed order of product concentration from MCP was trans > 
but -1 -ene > cis. it is unlikely therefore that the sec -butyl 
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carbonium ion can be involved in the isomerisation of MCP over 
zeolite Q. Similar differences in product distribution from n- butene 
and MCP isomerisation have been reported over silica alumina211, and 
the non -classical cyclopropyl carbonium ion has been postulated as 
reaction intermediate for the isomerisation of MCP. The observed 
product selectivities from isomerisation of MCP over zeolite Q suggest 
the involvement of this non classical ion. A possible reaction 
mechanism is illustrated in Fig. 7.22. It is apparent that cleavage 
of C1 -C2 in the non classical ion (II) can occur in two ways, 
1) resulting in formation of 1C - H bond and cleavage of 1C - H 
c 
resulting in but- l -ene. 
2) resulting in formation of 2C - H bond and cleavage of either 
2C - Ha or 2C - Hb resulting in formation of cis and trans but -2 -ene 
respectively. 
If the non -classical C ion (II) is adsorbed in a plane parallel to the 
cyclopropane ring; production of trans but -2 -ene and but -1 -ene would 
be favoured from steric considerations, their formation requiring the 
abstraction of a proton (Hb or Hc) orientated towards the surface. 
In contrast the formation of cis but -2 -ene results from loss of H a 
which is orientated away from the surface and hence not so easily 
abstracted by the surface. The preferred formation of trans but -2 -ene 
over but -1 -ene may be partially due to energetic considerations, 
although steric factors, in particular the greater crowding of 1C 
over 2C, amy also contribute to the observed selectivity. The 
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does not exist or plays a negligible part in the reaction, substantial 
amounts of isobutene would otherwise be observed. 
A possible energy profile for the isomerisation of MCP to n- butenes 
over zeolite S2 is illustrated in Fig. 7.23. The transition state 
through which the MCP passes must be much higher than those involved in 
n- butene interconversion because of the thermodynamic instability of 
MCP relative to the butenes. 
b) 1,1 Dimethylcyclopropane Isomerisation 
The isomerisation of 1,1 DMCP was investigated over samples of 
zeolite 0 which had been outgassed at 823 K for 40 hours. The reaction 
occurred much more rapidly than that of butene or MCP, and was studied 
in the temperature range 213 -277.5 K using appropriate slush baths. 
A typical reaction profile is illustrated in Fig. 7.24. Good first 
order kinetics for disappearance of reactant were observed (Fig. 7.24(b)) 
although there appeared to be an initial acceleratory period after 
which first order kinetics were maintained. The first order rate 




O 1,1 DMCP (a) 
0 2 Methyl but -2 -ene 
3 Methyl but -1 -ene 
2 Methyl but -1 -ene 
20 
20 40 60 
Time /mins. 
Fig. 7.24 (a) Reaction Profile of Isomerisation 
of 11 DMCP 
over Zeolite O at 238 K 
80 100 120 


















Table 7.14 Rate constants and Arrhenius parameters for 
isomerisation of 1,1 DMCP over zeolite 52 
The Arrhenius plot for disappearance of 1,1 DMCP over zeolite S2 
is illustrated in Fig. 7.25. It is possible that some condensation 
of gas phase material may have occurred, particularly at the lower 
reaction temperatures although this, if occurring, does not appear 
to have altered the rate of reaction nor kinetics appreciably. 
Product Ratios 
The only products of the reaction were the methyl butenes, no 
pentenes being detected. The product distributions of methyl butenes 
at 10% conversion for reactions at different temperatures are listed 
in Table 7.15. 
3.6 3.8 4.0 4.2 
1 X 103 
ToK 
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Product Composition at 
10% Conversion 
Product Composition at 
Equilibrium 
% % % % o % 
3MeB1 2MeB1 2MeB2 3MeB1 2MeB1 2MeB2 
213 54 0 46 
228 11 0 88 
238 16 1 82 
250 6 0 94 
280 8 4 88 .5 7.0 92 
298 .2 10.8 89 
Apart from the reaction at 213 K where the results may be complicated 
by selective condensation of products, the product compositions exhibit 
2 methyl but -2 -ene > 3 methyl but -1 -ene > 2 methyl but- l -ene. 
The product distributions do not alter significantly with reaction 
temperature. 
The alteration in product composition with extent of 1,1 DMCP 
conversion, illustrated in Fig. 7.26, does not represent the approach 
to equilibrium concentrations but is the result of the secondary 
isomerisation of the major product, 2 methyl but- 2 -ene, to the other 
methyl butene isomers. A carbonium ion type mechanism similar to that 
proposed for n- butene isomerisation may be invoked for the secondary 
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Fig. 7.26. Variation in Product 
Composition with 
Extent of Reaction of 
1,1 DMCP over Zeolite 
S2 at 238 K 
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Discussion 
Product distribution, activity and the activation energy observed 
for 1,1 DMCP isomerisation over zeolite Q are very similar to those 
reported over a cerium exchanged X zeolite.218 Isomerisation over 
211 
silica alumina also yielded a similar product composition; 
2 methyl but -2 -ene > 2 methyl but -1 -ene > 3 methyl but -1 -ene - O. 
211 
Hightower and Hall have postulated the operation of a proton addition 
mechanism to account qualitatively for the observed products. 
However, although operation of such a mechanism would result in very 
little, if any, 3 methyl but -1 -ene due to the involvement of a carbonium 
ion, statistical and energetic considerations would predict substantially 
more 2 methyl but -1 -ene than 2 methyl but- 2 -ene. The product compositions 
appear to be better accounted for quantitatively by operation of the 
hydride abstraction mechanism. This is however difficult to rationalise 
in terms of the high activity of the zeolite, previously attributed to 
Bronsted acid hydroxyl groups generated during the decomposition of TMA 
ions. Perhaps, however, as postulated for MCP isomerisation, the 
methyl butenes are produced directly from the non -classical cyclic 
carbonium ion in a more or less concerted process not involving a ring 
opening to a classical carbonium ion. A possible mechanism is illustrated 
in Fig. 7.27. Preferential addition of He+ occurs across the 1C -2C bond, 
scission of the 1C -2C bond accompanied by formation of 2C -H c 
or 1C -H 
bonds and loss of Hb+ results in the formation of 2 methyl but -2 -ene 
and 3 methyl but -1 -ene respectively. Production of the former methyl 
butene is more favourable as a consequence of the lower degree of 
crowding round 2C. Formation of 2 methyl but -1 -ene would require 
formation of 2C -H bond and loss of a proton from the methyl group 
c 
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Fig. 7.27. Proposed Mechanism for Isomerisation of 1,1 DMCP 
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mechanism is operative for 1,1 DMCP isomerisation loss of methyl 
hydrogens is much less favoured than loss of Hb. 
c) 1,2 Dimethylcyclopropane Isomerisation 
The rate of isomerisation of 1,2 DMCP over zeolite S2 was somewhat 
slower than that observed for 1,1 DMCP isomerisation at similar tempera- 
tures. A typical reaction profile is given in Fig. 7.28. The typical 
first order plot shown in Fig. 7.29 shows an initial accelerating period 
after which good first order kinetics are observed. The first order 
rate constants and Arrhenius parameters are given in Table 7.16 
and the Arrhenius plot illustrated in Fig. 7.30. 
Activation 
Energy- 















Table 7.16 Rate constants and Arrhenius parameters for 
Reaction of 1,2 DMCP over zeolite SZ 
Product Ratios 
The major products of the reaction are 3 methyl but -1 -ene and 
2 methyl but -2 -ene with small amounts of 2 methyl but- l -ene, pent -1 -ene 
and cis and trans pent -2 -enes being observed. The product distributions 
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Reaction of 1,2 DMCP on Zeolite 2 at 280 K 
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Fig. 7.29. First Order Plot of Disappearance of 1,2 DMCP over zeolite 0 
at 280 K 
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Fig. 7.30. Arrhenius 




Product Composition of 
Methyl butenes after 





3MeB1 2MeB1 2MeB2 3MeBl 2MeB1 2MeB2 
242 83.6 .06 16.3 
247 71.1 0 28.9 
261 63.7 .6 35.7 
280 56.3 4.6 39.1 .5 7.0 92 
293 59.6 1.9 38.5 .2 10.9 88.9 
Table 7.17 Product Distribution of Methyl butenes for 1,2 DMCP 
Isomerisation over zeolite 52 
Only trace amounts of pentenes are present after 10% 1,2 DMCP conversion 
making it impossible to determine the pentene product composition 
accurately. Even after 100% conversion the product contains methyl 
butenes and pentenes in the ratio 9:1. Table 7.18 lists the pentene 
product composition at 50% conversion. 
Reaction 
Product Composition of 




Pl TP2 CP2 P1 TP2 CP2 
K 
280 33.3 58.6 8.1 1.0 74.0 25.0 
293 32.3 59.3 8.4 1.5 69.0 29.5 
Table 7.18. Product Distribution of n- Pentenes from 1,2 DMCP 
Isomerisation over Zeolite 52 
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Assuming negligible interconversion of the pentenes has occurred 
n- pentenes are produced from 1,2 DMCP isomerisation in the order 
trans > pent -1 -ene > cis. This is the same order as observed for 
the formation of the n- butenes from MCP isomerisation. 
As observed for 1,1 DMCP isomerisation, secondary reactions 
occur, 2 methyl but -2 -ene isomerising to 3 methyl but -1 -ene and 
2 methyl but- l -ene. 
Discussion 
The product composition from 1,2 DMCP isomerisation over zeolite 
correlates well with the operation of a classical proton addition 
mechanism, the relative amounts of the methyl butenes and pentenes being 
rationalised in terms of steric and energetic considerations. Hence 
the trace amount of 2 methyl but -1 -ene observed may be attributed to the 
involvement of a primary carbonium ion in its formation whereas the other 
products are formed via secondary carbonium ions. In contrast to 
1,1 DMCP isomerisation over zeolite 0, the product composition from 1,2 
DMCP is far removed from that predicted for a hydride abstraction 
mechanism. 
It seems improbable that the isomerisation of various methyl - 
substituted cyclopropanes should occur by different types of mechanisms. 
Hence in view of the previous results for butenes and MCP it seems 
likely that a proton addition mechanism is operative for all these 
isomerisations. Moreover, mechanisms involving a non -classical 
carbonium ion have been postulated for the isomerisations of MCP and 
1,1 DMCP. A similar mechanism may therefore be operating for 1,2 DMCP 
even though the observed results are in very good agreement with, those 
predicted from a classical proton addition ring- opening reaction. 
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7.2.2. Reactions over Erionite 
a) Methylcyclopropane 
Erionite (T) was a more active catalyst for the isomerisation 
of MCP than erionite (N). Typical reaction profiles for MCP isomerisation 
over erionite (N) and erionite (T) are shown in Figs. 7.31. and 7.32. 
respectively. Reactions over erionite (T) were followed in the tempera- 
ture range 273 -317 K, throughout which zero order kinetics for disappear- 
ance of MCP were observed. Over erionite (N) however although zero order 
kinetics were observed for reaction temperatures below 325 K, the results of 
a reaction carried out at 346 K appeared to fit either zero or first order 
kinetics (Fig. 7.33.). It was not possible to establish the kinetics of 
MCP isomerisation at higher temperatures, using the same quantities of 
catalyst and reactant, due to analytical restrictions. 
The Arrhenius parameters and zero order rate constants are given in 



















Table 7. mg. Rate constants and Arrhenius parameters 
for MCP 
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Fig. 7.31. Reaction Profile for Isomerisation of MCP over 
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Fig. 7.32. Reaction 
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Fig. 7.33 (a) Zero Order Plot for Disappearance of MCP over 
Erionite (N) at 346 K 





















Table 7.20. Rate constants and Arrhenius parameters for MCP 
isomerisation over Erionite (T) 
The Arrhenius plots are shown in Fig. 7.34. In the temperature range 
common to both zeolites the rate of isomerisation of MCP over erionite 
(T) was ca. 8 times that over erionite (N). 
Product Ratios 
The reaction of MCP over both erionite (N) and erionite (T) yielded 
only the n- butenes as reaction products. The initial product ratios, 
estimated by extrapolation, and product compositions at 10% MCP conversion 












3.4 3.5 3.6 3.7 








at 10% Conversion 
Equilibrium Product 
Composition 
B1 TB2 CB2 Bl TB2 CB2 Bl TB2 CB2 
292 20.9 0 79.1 32.9 6.9 60.2 2.2 75.3 22.5 
297 19.0 0 81.0 32.4 6.8 60.8 2.4 74.3 23.3 
307 18.1 0 81.9 35.0 8.0 57.0 2.5 74.0 23.5 
315 11.3 0 88.7 35.6 8.2 56.3 2.7 72.5 24.8 
325 15.8 0 84.2 37.3 10.1 52.6 3.0 71.5 25.5 








at 10% Conversion 
Equilibrium Product 
Composition 
B1 TB2 CB2 Bl TB2 CB2 B1 TB2 CB2 
273 11.5 0 88.5 21.3 7.8 70.9 
286 20.o 0 80.0 28.0 14.9 57.1 2.1 75.6 22.3 
290 24.8 0 75.2 25.8 7.9 66.2 2.2 75.3 22.5 
309 35.5 0 46.7 33.7 16.8 49.5 2.5 73.9 23.6 
317 32.0 0 68.0 32.0 12.0 56.0 2.7 72.4 24.9 
Table 7.22. Product Composition from MCP Isomerisation over 
Erionite (T) 
The initial product distributions are very different from those at 
equilibrium. Furthermore there is a considerable difference between 
the initial product composition and that at 10% conversion. 
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Fig. 7.35 illustrates the substantial variation in product composition 
with conversion of MCP. Secondary isomerisation of products 
(Fig. 7.32) does not seem to be responsible for such a change. 
The estimated initial product ratios are similar to those observed 
in n- butene conversion; cis but -2 -ene > but -1 -ene > trans but- 2 -ene, 
although as discussed previously these may be apparent, the intrinsic 
ratios probably being distorted by the selective adsorption character- 
istics of the zeolite. 
Reaction of But -1 -ene after MCP Isomerisation 
The profile of an extended reaction (Fig. 7.32) shows that isomer - 
isation of product but -1 -ene to but -2 -ene occurs after all the MCP has 
been converted. This reaction will occur in parallel with MCP isomer - 
isation to a small extent illustrated by the small alteration in the 
% composition of but -1 -ene in the product with extent of MCP conversion 
(Fig. 7.35). The disappearance of but- l -ene, after 100% MCP conversion, 
follows first order kinetics yielding rate constants identical to those 
observed when but -1 -ene was the initial reactant. Reactions were also 
carried out in which,after complete MCP conversion, the gas phase was 
evacuated and a dose of 1020 molecules admitted to the used catalyst. 
Rate constants similar to those already reported were observed, although 
an initial accelerating period of ca. 20 minutes was required before a 
steady first order rate was maintained. In contrast isomerisation of 
but -1 -ene admitted to erionite (T) immediately after pretreatment 
exhibited an initial decelerating period before achieving a steady 
first order rate. The MCP reaction therefore does not appear to 
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Fig. 7.35. Variation in Product Composition with Extent of 
MCP Conversion 
(a) Reaction over erionite (T) at 286 K 
(b) Reaction over erionite (T) at 317 K 
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conversion is substantially faster than that of but -1 -ene the rate 
constants cannot be compared in view of the difference in kinetics of 
the two reactions. 
Discussion 
Extrapolation of product ratios to zero conversion indicates the 
selective sorption of any trans but -2 -ene produced during the initial 
stages of the reaction leading to initial gas phase concentrations of 
trans but -2 -ene of ca. 0 %. As the reaction proceeds the sorption of 
trans but -2 -ene may be limited by the intracrystalline diffusion of 
the other isomers resulting in an increase in gas phase trans /cis ratio. 
The small alteration in % concentration of but -1 -ene in the product is 
indicative of its participation in secondary isomerisation. Furthermore 
selective sorption of one or more of the products over the reactant 
would result in an apparent gas phase reactant concentration which is 
less than the true value throughout the system and could conceivably 
yield apparent zero order kinetics for an intrinsically 1st order reaction. 
As the temperature is increased the selectivity of sorption would decrease 
and the reaction kinetics would be expected to approach their true order. 
Such an effect is observed for MCP isomerisation over erionite (N) where 
zero order kinetics are apparent in the temperature range 292 -325 K, 
but results fitting both zero and first order kinetics were observed 
at 346 K. It is surprising however that selective sorption appears 
to alter the order of the kinetics in the isomerisation of MCP but does 
not seem to alter the kinetics of n- butene interconversion. 
This explanation of MCP selectivity and kinetic results in terms 
of the adsorption characteristics of the zeolite again implies that 
the majority of the reaction occurs on the external surface. 
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Moreover, because of the apparent nature of the results it is not 
possible to postulate whether the isomerisation of MCP involves the 
same intermediate as n- butene interconversion or a different one as 
postulated for reaction over zeolite Q. The absence of isobutene 
and cyclobutane from the observed products is however suggestive of 
a proton addition mechanism. 
b) 1,1 Dimethylcyclopropane 
A typical reaction plot for the isomerisation of 1,1 DMCP over 
erionite (N) is shown in Fig. 7.36. The derived first order plot 
shows that although an initial decelerating period occurs the reaction 
eventually follows first order kinetics. Similar reaction profiles 
and kinetics are observed for erionite (T). The eventual steady 
first order rates, attained after ca. 20% conversion over erionite (T) 
and after ca. 50% conversion over erionite (N), and derived Arrhenius 
parameters are listed in Tables 7.23 and 7.24. The initial first 
order rate constants are approximately three times greater than the steady 
values and result in a similar value of activation energy (35.8 kJ mol -1 
for erionite (N)). 
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Table 7.23. Rate constants and Arrhenius parameters for 1,1 DMCP 
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Fig. 7.36. (a) Reaction Profile for 1,1 DMCP Isomerisation 
over Erionite (N) at 314 K 
(b) Derived First Order Plot. 
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Activation 














Table 7.24. Rate constants and Arrhenius parameters for 1,1 DMCP 
Isomerisation over Erionite (T) 
The difference in the temperature ranges used for the two erionites 
reflects the greater activity of erionite (T). The Arrhenius plots 
are shown in Fig. 7.37. 
Product Ratios 
Only the methyl butenes were observed as products of the isomer - 
isation over either erionite. The product compositions, always 
demonstrating 2 methyl but -2 -ene » 2 methyl but -1 -ene > 3 methyl 
























Temp. 10% Conversion 50% Conversion Composition 
K 3MB1 2MB1 2MB2 3MB1 2MB1 2MB2 3MB1 2MB1 2MB2 
280 .01 7.6 92.4 2.1 6.8 91.1 
290 .01 9.2 90.8 1.7 7.6 90.6 
294 .01 9.2 90.8 1.7 7.9 90.4 0.2 10.7 89.1 
303 .01 11.1 88.9 1.6 9.9 88.4 0.2 11.1 88.7 
314 .01 7.3 91.7 1.6 9.5 88.9 0.4 12.2 87.4 
320 .01 10.0 90.0 2.1 10.1 87.8 0.5 13.0 86.5 














3MB1 2MB1 2MB2 3MB1 2MB1 2MB2 3MB1 2MB1 2MB2 
229 .9 4.3 94.8 1.2 4.5 89.8 
242 1.1 4.4 94.5 1.4 5.5 93.0 
246 1.8 6.3 92.9 1.3 5.5 93.1 
257 .8 4.1 95.1 2.6 4.7 92.6 
264 2.6 3.0 94.4 9.4 2.8 87.8 
298 0.2 10.8 89.0 
Table 7.26. Product Data from 1,1 DMCP Isomerisation 
over Erionite (T) 
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The occurrence of secondary reactions of the products is evident in an 
extended reaction profile illustrated in Fig. 7.38 where 2 methyl 
but -2 -ene appears to isomerise to 3 methyl but- l -ene. However this 
is slow in comparison to the rate of isomerisation of 1,1 DMCP and thus 
won't alter product compositions appreciably. It is however possible 
that the small amount of 3 methyl but -1 -ene observed during isomerisation 
of 1,1 DMCP may be a product of the secondary reaction. The shape of 
the curve for appearance of 3 methyl but -1 -ene with time (Fig. 7.38) 
lends support to this suggestion. 
Although the pressure of gas admitted to the catalyst was less than 
the saturated vapour pressure, loss of material from the gas phase was 
indicated from summation of the chromatographic peak areas. After 9 
samples were removed from the reaction vessel at 242 K the total peak area 
was ca. 24% of the initial value. In contrast removal of 9 samples from 
the reaction vessel at 294 K yielded a total peak area of ca. 84% of the 
original. This phenomenon has already been discussed in Chapter 6 and 
appears to be due to condensation rather than to a slow selective 
sorption. 
Discussion 
The product composition observed from 1,1 DMCP isomerisation over 
both samples of erionite is very similar to that observed over zeolite St 
and, according to previous reports, to that over CeX218 and silica- 
alumina.211 As discussed previously such a distribution is neither 
wholly compatible with either a hydride abstraction nor a proton 
addition mechanism, the presence of 2 methyl but -2 -ene as the major 
product favouring the former and the presence of small amounts of 
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Fig. 7.38. Reaction Profile of 1,1 DMCP Isomerisation over 
Erionite (T) at 273 K. 
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that a mechanism involving a non -classical carbonium ion, as suggested 
for zeolite 0, may be operative. 
It is interesting to note that over zeolites Q and erionite (T) 
the isomerisation of 1,1 DMCP occurs at similar rates within the same 
temperature range. However, in view of the bulkiness of 1,1 DMCP and 
the methyl butenes, the isomerisation of 1,1 DMCP would appear to be 
occurring on the external surface of erionite. It would therefore 
perhaps not appear unreasonable to conclude that a substantial amount 
of the but -1 -ene reaction was also occurring on the external surface 
of erionite (T) in view of the similar activities exhibited by these 
zeolites for n- butene isomerisation. 
c) 1,2 Dimethylcyclopropane 
Over both samples of erionite similar rates of isomerisation of 
1,2 DMCP occur within a higher temperature range than 1,1 DMCP isomer - 
isation. A typical reaction profile over erionite (N) is shown in 
Fig. 7.39. The reaction at 348 K appeared to follow zero order 
kinetics for at least 50% conversion and reactions observed at lower 
temperatures displayed zero order kinetics for the extent of reaction 
followed (ca. 20 -30 %). These initial zero order rate constants, 
tabulated in Table 7.27, are used to derive the Arrhenius parameters. 
In contrast a typical reaction profile over erionite (T) is shown in 
Fig. 7.40. First order kinetics appear to be followed for ca. 50 -60% 
conversion. Arrhenius parameters are calculated from these initial 
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Fig. 7.39 (a) Reaction Profile of 1,2 DMCP Isomerisation over 
Erionite (N) at 348 K 
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Fig. 7.40. (a) Reaction Profile of 1,2 DMCP Isomerisation over 
Erionite (T) at 306 K 
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Table 7.27. Arrhenius Parameters and Initial Zero Order 
Rate 



















Table 7.28. Arrhenius Parameters and Initial 
First Order Rate 
constants for Isomerisation of 1,2 DMCP over 
Erionite (T) 
The Arrhenius plots are shown in Fig. 7.41. 
As observed for the other 
reactants erionite (T) is more active 
than erionite (N), complete 
conversion in 210 minutes over erionite 
(T) requiring a reaction tem- 
perature of 308 K whereas a similar 




















Arrhenius Plots for 1,2 DMCP Isomerisation over Erionite 
(a) Erionite (N) 
(b) Erionite (T) 
179 
erionite (N) at 348 K. Gas phase analysis indicates that over 
erionite (T), in the temperature range studied, the only loss from the 
gas phase is due to removal of samples resulting in ca. 25% decrease 
after 10 samples. In contrast, with erionite (N) a similar decrease 
in gas phase concentration is observed after 3 samples. This may be 
due to the increased temperatures used for erionite (N) permitting the 
slow sorption of 1,2 DMCP estimated to have a critical diameter of 
ca. .56 nm. It is unlikely that the methyl butenes having an estimated 
critical diameter of ca. .58 nm will be sorbed at these temperatures. 
Such selective sorption of reactant may result in the apparent zero 
order kinetics observed initially over erionite (N). 
Product Ratios 
The only products of the reaction of 1,2 DMCP over both erionite 
(N) and (T) were the methyl butenes; 3 methyl but -1 -ene and 2 methyl 
but -2 -ene were the major products with only small amounts of 2 methyl 
but -1 -ene (ca. 5% at 100% 1,2 DMCP conversion) being detected. The 








Temp. 10% Conversion 50% Conversion 
K 3MB1 2MB1 2MB2 3MB1 2MB1 2MB2 3MB1 2MB1 2MB2 
311 56.9 2.8 40.3 0.5 12.0 87.5 
317 52.3 4.0 43.7 0.5 12.5 87.0 
326 53.9 3.1 43.0 0.5 13.0 86.5 
344 52.5 6.6 40.9 51.5 5.6 42.9 0.6 14.6 84.8 
348 52.8 6.6 40.6 48.7 5.5 45.7 0.6 15.0 84.4 









Temp. 10% Conversion 50% Conversion 
K 3MB1 2MB1 2MB2 3MB1 .2MB1 2MB2 3MB1 2MB1 2MB2 
273 61.8 1.1 37.1 59.5 1.6 38.9 
280 54.6 1.1 44.3 51.8 1.7 46.5 
286 53.0 3.1 43.9 52.4 2.2 45.4 
293 58.8 2.2 39.0 54.2 2.4 43.4 0.4 10.9 88.7 
299 52.5 3.5 44.0 50.8 5.0 44.2 0.4 11.1 88.5 
306 52.6 4.0 43.4 49.7 5.8 44.5 0.5 11.5 88.0 
322 53.0 3.9 43.1 52.1 4.0 43.9 0.5 13.0 86.5 
Table 7.30. Product Data for 1,2 DMCP Isomerisation over 
Erionite (T) 
No pentenes were observed at any stage of the reaction nor at any 
reaction temperature. 
Discussion 
The relative amounts of the methyl butenes produced from the 
isomerisation of 1,2 DMCP over both samples of erionite are similar to 
those observed for zeolite Q; 3 methyl but -1 -ene > 2 methyl but -2 -ene » 
2 methyl but- l -ene. However, in contrast with zeolite Q and results 
reported previously over other acidic catalysts, 
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no pentenes 
were observed. Control analysis of the 1,2 DMCP before use demonstrated 
the presence of a small amount of pent -1 -ene impurity which was not 
detected in the sample after passage over either erionite. This suggests 
the selective sorption of pent -1 -ene by this zeolite. Therefore the 
absence of pentenes in the gas phase products of 1,2 DMCP isomerisation 
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does not necessarily imply that these species are not products of the 
reaction, only that they are not the major products. 
Criteria outlined in Appendix 1 demonstrate that the relative 
amounts of the methyl butenes produced from 1,2 DMCP isomerisation 
over both types of erionite are strongly indicative of a classical 
proton addition type mechanism. Operation of this mechanism would 
also produce small amounts of pentenes, which may be being selectively 
sorbed into the erionite cavities. Both the bulkiness of the 1,2 
DMCP and methyl butenes and the indication of selective sorption of 
pentenes from the gas phase throughout the reaction are suggestive of 
the occurrence of 1,2 DMCP isomerisation mainly on the external surface 
of erionite. 
7.3 Double bond Shift of 1,1 [2H2] Propene 
7.3.1 Reactions over Zeolite 2 
Plots of the disappearance of [2H2] propene according to first 
order kinetics yield straight lines from which the first order rate 












35.0 3.99 353 3.44 
357 4.12 
371 6.43 
Table 7.31 First order rate constants and Arrhenius 
Parameters for Disappearance of [2H2] propene 
over zeolite O. 
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The Arrhenius plot is shown in Fig. 7.42. 
Normalised Deuterium Distribution /% Total 

















Table 7.32. Composition of [2H2] Propenes as a Function 
of Extent of Reaction. 
Normalised Deuterium Distribution /% Total 
[2H2Jpropene /% CDH =CH -CH3 CH2 =CH -CH2D 
87 13 88 
89 11 78 
75 25 65 
100 0 100a 
50 50 100b 
40 60 35c 
Table 7.33. Composition of [2H1] Propenes as a Function of 
Extent of Reaction 
a 
Product distribution by operation of the associative or concerted 
mechanism. 
b 
Product distribution by operation of the dissociative mechanism. 








Fig. 7.42. Arrhenius Plot for Isomerisation of CD2= CH -CH3 
Q CH2=CH-CD2H 
CDH=CH-CDH 
100 90 80 70 60 
% [2H2] 
Fig. 7.43. Composition of [2H2] Propenes as a Function of Extent 
of Reaction 
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Normalised Deuterium Distribution/96 Total 
[2H2]propene /% CH2= CH -CD3 CD2= CH -CH2D CHD =CH -CHD2 
91 9 0 88 
87 6 8 78 
73 18 9 65 
100 0 0 100a 
50 50 0 100 
b 
10 30 60 35c 
Table 7.34. Composition of [2H3] Propenes as a Function of 
Extent of Reaction 
a 
Product distribution by operation of the associative or concerted 
mechanism. 
b 
Product distribution by operation of the dissociative mechanism. 
c 
Equilibrium distribution with 5 exchangeable hydrogen atoms. 
Good agreement was found between the distributions of deutero- 
propenes calculated from both mass and microwave spectra. Table 7.32 
7.33 and 7.34 list the microwave analyses of the deuteropropene 
mixtures as a function of the extent of reaction. These results are 
illustrated graphically in Figs. 7.43 -7.45. Deuterium atoms were 
never found to be exchanged for hydrogen bonded to the central carbon 
atom in propene. Table 7.32 shows that, apart from regeneration of 
the reactant, the only [2H2] propene produced was CHD2 -CH =CH2. The 
data demonstrate the cleanliness of the reaction in which no deuterium 




100 90 80 70 
%[ 2H2] 
15 







100 90 80 70 
% [2H2] 
Fig. 7.45. Composition of ?H3] Propenes as a Function of 
Extent of Reaction 
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molecules have undergone only a single surface reaction. The data 
for the [2H1] and [2H3] propenes and the absence of [2Ho] propene, 
even after 35% loss of [2H2] propene are also consistent with a single 
surface reaction for most molecules. 
The data for the [2H1] propenes, shown in Table 7.33 , illustrates 
an initial high selectivity for CDH =CH -CH3 relative to CH2 =CH -CH2D. 
This selectivity, maintained as the reaction proceeds provides good 
evidence for the operation of an associative or a concerted mechanism 
for double bond shift (Figs. 4.31, 4.33 and Table 7.33 ). Even after 




propene there is a considerable difference between 
the [2H1] propene distribution and that predicted statistically at 
equilibrium. 
The initial high selectivity for CH2 =CH -CH3 relative to 
CD2 =CH -CH2D and CHD= CH -CHD2 (Table 7.34) provides further evidence for 
the operation of the associative or concerted mechanism. 
The ratios of the amounts of CD2H -CH =CH2, CHD =CH -CH3 and 
CD3 -CH =CH2 produced as a function of the extent of reaction, given in 
Table 7.35, are constant within experimental error. 
Extent of Reaction 
% 
Product Ratio 













Table 7. 35. Product Ratio as a Function of Extent of Reaction. 
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This observation is consistent with the operation of an associative 
mechanism for double bond shift. This type of mechanism would result 
in the production of these three deuteropropenes as primary products 
and as such their ratios would not be expected to alter with extent of 
reaction during the initial course of the reaction. In contrast, the 
concerted mechanism would produce CHD =CH -CH3 and CD3 -CH =CH2 as secondary 
products from the subsequent reaction of CD2H -CH =CH2. The difference 
in the average ratio of CD2H -CH =CH2 to CDH =CH -CH3 (ca. 3:1) from the 
predicted ratio (1.5:1) may be due to the operation of a kinetic 
isotope effect in the rate determining step which is therefore assoc- 
iated with rupture of a C -H or C -D bond in the carbonium ion. The 
ease of breaking a C -H bond compared to a C -D bond is therefore deduced 
to be ca. 2, a value which is reasonable both with regard to predicted 
values from difference in zero point energies of the bonds and to previous 
values deduced for reaction over MgO and Ti 02.224 





] propene proceeds via an associative mechanism, the active 
sites for the reaction being of the Brönsted acid type. These sites 
must be relatively few in number as no experimentally detectable 
decrease in deuterium content of the hydrocarbon is apparent. 
It seems reasonable that the mechanistic conclusion reached for 
[2H2] propene isomerisation is a general one and may at least be 
applied to the n- butenes. At 370 K it was found that the reversible 
first order rate constants for but -1 -ene isomerisation (kb) and [2H2] 
propene loss (k ) were related as k 
b 
8 k . It is shown on purely 
statistical grounds in Fig. 4.31 that if 10 molecules of CD2 =CH -CH3 
react, 6 will remain as [2H2] propenes whereas 4 will be transferred 
into [2H1] and [2H3] propenes. The statistical probability of loss 
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of [2H2] propene in a single surface reaction is 2/5. Similarly 
Fig. 7.46 shows that the statistical probability of but -1 -ene loss 
in a single surface reaction is also 2/5. 
CH3 CH2 CH=CH2 
+H 
CH3CH2 CH-CH3 
CH3 CH=CH-CH3 CH3 CH2 CH :=CH 
Fig. 7.46. Associative mechanism for double bond shift of but- l -ene. 
The circled numbers show the statistically predicted 
concentration of products from reaction of 5 molecules of 
but- l -ene. 
Therefore, if it can be assumed that both processes proceed through 
identical rate determining steps and their heats of adsorption are 
similar, kb should equal k.. However the ratio of products observed 
from propene suggests the operation of a kinetic isotope effect of 
ca. 2 and hence the involvement of C -H bond rupture in the rate 
determining step. As loss of [2H2] propene is limited by the rate 
of breaking a C -D bond whereas butene isomerisation involves breaking 
a C -H bond, Kb= 2k may be predicted. Furthermore loss of H+ from 
the sec -butyl carbonium ion by secondary C -H bond rupture to produce 
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the but -2 -enes would proceed more readily than regeneration of but -1 -ene 
through primary C -H bond rupture. A factor of 4 in rates would correlate 
with an activation energy difference for the breaking of these bonds of 
ca. 4.3 kJ mol -1. Interestingly the derived activation energies for 
the two reactions (E 
A 
r= 35 + 2 kJ mol -1 and Eb N 29 + 2 kJ mol -1) reflect 
the kinetic isotope effect (an energy difference of ca. 2.1 kJ mol -1) and 
the energy difference for primary with respect to secondary C -H bond 
rupture. These factors suggest strongly that a ratio of kb /k = 8 
P 
is consistent with the operation of identical mechanisms for the two 
reactions. 
7.3.2 Reactions over Erionite 
The first order rate constants for the disappearance of [2H2]propene 
over erionites (N) and (T) are listed in Tables 7.36 and 7.37 respectively. 













64.5 11.0 396 1.87 
409 3.48 
419 5.45 
Table 7.36. First order rate constants and Arrhenius parameters 










Fig. 7.47. Arrhenius Plots for Disappearance of [ H2] Propene 
2.8 2.9 3.0 
on Erionite 
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ln A Temperature -1 -1 
kJ mol K s g 
331 1.46 
44.2 6.8 361 3.69 
383 14.24 
Table 7.37. First order rate constants and Arrhenius 
parameters for disappearance of [2H2] 
propene over erionite (T) 























Table 7. 38. Composition of [2H2] Propenes as a Function of 




Normalised Deuterium Distribution /% 



















Table 7. 39 Composition of [ H 1] Propenes as a Function of 





[ H2]propene /% 
Normalised Deuterium Distribution/96 
























Table 7.40. Composition [2H3] Propenes as a Function of Extent 
of Reaction 
In Tables 7.38 -7.40. 
aProduct distribution by operation of the associative or concerted 
mechanism 
bProduct distribution by operation of the dissociative mechanism 
cEquilibrium distribution with 5 exchangeable hydrogen atoms 
The product selectivities demonstrated by both types of erionite 
are very similar to those observed over 52 zeolite. No deuterium 
bound to the central carbon atom in propene was detected. Apart from 
regeneration of the reactant (CD2 =CH -CH3), CH2 =CH -CHD2 is the only 
2H2] propene formed initially. Tables 7.39 and 7.40 show the 
preferential formation of CDH =CH -CH3 and CH2 =CH -CD3. Comparison of 
experimental results with those predicted from operation of the 3 
possible mechanisms indicate that the observed selectivity is indicative 
of the operation of an associative or concerted mechanism. The ratios 
of the amounts of CD2H -CH =CH2, CHD =CH -CH3 and CD3 -CH =CH2 at ca. 30% 
reaction were 3.2 : 1.0 : 1.0 and 2.6 : 1.0 : 1.0 erionite (N) and (T) 
respectively. These are similar to ratios observed over 2 at varying 
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extents of reaction hence it would seem reasonable to conclude that 
an associative mechanism was also operative for double bond shift 
reaction of 1,1[2H2]propene over both samples of erionite. 
Similar mechanistic conclusions may also be attained for but -1 -ene 
isomerisation. Both types of erionite exhibit greater activity for 
but -1 -ene isomerisation than [2H2] propene loss. The first order 
rate constants are related as k = 8.7 k for erionite (N) at 381 K 
P 
and k _ 7.6 k for erionite (T) at 334 K. Such a ratio can be 
p 
rationalised in terms of energetic considerations as discussed for 
zeolite Q. For erionite (N) Eb _ 56 + 2 kJ mol -1 and E - 64.5 + 2 kJ mol -1 
p 
while for erionite (T) Eb = 40 + 2 kJ mol -1 and Eb - 44 + 2 kJ mol -1. 
The differences in activation energy for but -1 -ene isomerisation and 
[2H2] propene loss for both erionites reflect the contributions from 
operation of a kinetic isotope effect (ca. 2.1 kJ mol -1) and an energy 
difference for primary with respect to secondary C -H bond rupture, a 
difference of 4.3 kJ mol -1 leading to a factor of 4 in the rates. 
It is therefore apparent that, similar to zeolite Q, but -1 -ene 




] propene over erionite 
proceed via associative mechanisms involving C -H bond rupture in the 
rate determining step. Such a mechanism proceeds on Brönsted acid 
sites, the number of which must be relatively small as no significant 
dilution of hydrocarbon deuterium content was observed. 
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7.4. Conclusion 
a) Zeolite g 
The catalytic activity of zeolite 2 was markedly dependent 
on pretreatment conditions; the decomposition and subsequent removal 
of the tetramethylammonium cations resulting in the formation of 
protonic acid sites. Variations in the catalytic activity towards 
molecules too large to enter the gmelinite cages led to the postulate 
that these active sites are generated in the main channels of the 
zeolite. 
Complete removal of the organic cations yielded a zeolite, H -e, 
which displayed catalytic activity similar to that previously reported 
for HX and CeX zeolites and much greater than that of copper and nickel 
exchanged zeolites. Moreover the cis /trans product ratio from but -1 -ene 
isomerisation resembled the literature values for HX and CeX zeolites.238 
Initial product ratios observed for n- butene interconversion 
suggested the operation of carbonium ion type mechanism. In common 
with studies over silica -alumina and other zeolites the sec butyl 
carbonium ion has been postulated as an intermediate. Although products 
resulting from methylcyclopropane isomerisation were also indicative of 
a carbonium ion type mechanism an alternative intermediate to the sec 
butyl carbonium ion must be invoked since initial product distributions 
are different from those predicted from the interconversion of the 
n- butenes. A non -classical cyclopropylium ion has been postulated. 
Product compositions from 1,1- and 1,2 dimethylcyclopropane 
isomerisation also implied a carbonium ion type mechanism, that of 
1,1 DMCP fits a non classical mechanism while that of 1,2 DMCP agrees 
with the product distribution predicted from the classical mechanism. 
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It is unlikely that these three methyl- substituted cyclopropanes react 
by completely different intermediates and is therefore probable that 
all three isomerise via a non classical carbonium ion formed in an 
associative manner. 
Studies of the reaction of a specifically labelled deuteropropene, 
CD2= CH -CH3, showed conclusively that double bond shift of propene occurred 
by an associative carbonium ion type mechanism over zeolite H -1. Further- 
more, arguments in terms of reaction rates and activation energies have 
been presented to show that this mechanism also fits the results for 
the isomerisation of but -1 -ene on this catalyst. 
b) Erionite 
Very different sorptive and catalytic activities were exhibited 
by the two types of erionite studied. The faster rates of sorption 
observed for erionite (T) were attributed to the exchange of the majority 
of the sodium ions by iron (III) ions resulting in less hindered entry 
to and diffusion along the erionite channels. Unlike the wide -pore 
zeolite Q both types of erionite displayed different rates of sorption 
for the three n- butenes dependent on their critical molecular diameters. 
The alteration of the intrinsic product distributions from n- butene 
and methylcyclopropane isomerisation by selective sorption of the products 
made it impossible to postulate mechanisms for these reactions on the 
basis of initial product ratios. The isomerisation of 1,1 dimethylcyclo- 
propane has however been postulated to proceed via a non classical 
carbonium ion as proposed for zeolite Q. The distribution of methyl 
butenes from isomerisation of 1,2 dimethylcyclopropane was similar to 
that over zeolite Q, however no pentenes were observed. This is 
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probably in consequence of their selective sorption. Hence, as for 
zeolite Q, product composition resulting from 1,2 dimethylcyclopropane 
isomerisation was indicative of a classical carbonium ion type mechanism 
involving proton addition to the reactant. 
The products observed from the reaction of specifically labelled 
deuteropropene, CD2= CH -CH3, over both erionites indicated that double 
bond shift occurred via a carbonium ion intermediate formed in an 
associative manner. Comparison of reaction rates and activation energies 
showed that this mechanism was also applicable to the isomerisation of 
but -1 -ene over these catalysts. 
The results presented in this thesis suggest that all reactions 
studied over zeolites Ç and erionite occur via a classical or non 
classical carbonium ion formed by proton addition and hence involving 
Brönsted acid sites. In zeolite Q it has been proposed that the 
active sites formed during the decomposition and removal of TMA ions are 
located in the wide channels. The position of the active Brönsted 
acid sites in erionite has not been established. Further investigations, 
involving poisoning experiments similar to those of Detreköy et al91, 
may establish whether these sites are located on the external surface 
or within the erionite cavities. 
Appendix 1 
Mechanistic Schemes for Alkylcyclopropane Isomerisation 
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(A) H Loss (contd.) 
(2) 1,1 DMCP 
195 
CH - -H 
-- -+ -_ _ 
+H' 
3 methyl but -1 -ene __- C CH CH2 
2 methyl but -2 -ene 
CH3/ 
(a) or (b) 
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CH2 
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(a) or (b) 
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(A) H Loss (contd.) 
(3) 1,2 DMCP (contd.) 
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(C) H Gain (contd.) 
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(F) H. Gain (contd.) 
(2) 1,1 DMCP (contd.) 
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C LATEST VERSION OF MS10 CORRECTION PROGRAM 
C 
C 
C DATA INPUJT: 
C 
C 1 NO OF SETS OF DATA 
C 2 NO OF CARBON ATOMS 
C NO O F HYDROGEN ATOMS 
C NO OF OXYGEN ATOMS 
C NO OF FRAGMENTS 
C 3 LIGHT FRAGMENTATION PATTERN 
C 4 HEAVY FRAGMENTATION PATTERN 
C 5 TIME OF SAMPLE 
C 6 EXPERIMENTAL PEAK HEIGHTS 




INTEGER S, C, 
DATA BLANK/ "/ 
DIMENSION P(40),FH(10), FD( 10), PER (20),D(20),KK(7),NN(20),NH(8), 
VIN D(8) 
READ, I SETS 
ONEC= 0.01120414 
ON ED= 0. 0001 5602 
TWOD= 0.00000001 
TWO C =0. 000062 77 
CANDD = 0.00000175 
READ, C, N, 0,1m 
K =N +M +1 
I PEAK=N+M+2 
S =M+ 1 
NN(1) =N 
Do 47 I =2.,N 
47 NN( I)= NN(I- 1) *(N -I +1) 
READ, (FH(IFRAG), IFRAG =I,S) 
READ, (FD(IFRAG), IFRAC= 1, S) 
DO 56 INOS= 1, I SETS 
READ, TIME 
READ, (P(J),J= 1,K) 
4JRI TE( 6,37) 
37 FORMAT( '0', / / /3X, 'LIGHT HYDROCARBON FRAGMENTATION PATTERN') 
YRITE(6, 1003) (BLANK,LULU =I,M) 
1003 FORMAT( '0',2X,6HPARENT,2X,AI, '- 1H',4X,AI, '- 2H',4X .'A1, '- 3H',ziX,AI, 
4J- AH ', 4X , A 1, '- 5H ', 4X , A 1, '- 6H ', 4X , Al, '- 7H ', 4X ) 
WRITE(6, 102) (FH(I FRA G),I FRAG= I,S) 
102 FORMAT( '0 ', 8F8. u) 
WRI TE( 6,38) 
38 FORMAT( '0 ', 3X, 'HEAVY HYDROCARBON FRAGMENTATION PATTERN ') 
212 
)=IPEAK - I 
IF(JE6M) Gil TO 45 
L=J- S 
IF (P(J).LT0.0) f-11 Trl 4 
NH(1)=1 
ND( 1 )= 1 
NH( 2)=N-L 
ND( 2)=L 
IF(S.LT.3) GO TO 901 
DO 46 I VY= 3, S 
NH( IVY)=NH(IVY-1)*(NH(2)-IVY+2) 




DO 4 N PL = 1, M 
NB=NPL+ 1 
DO 4 NA=1,NB 
NHL=NA- 1 
NDL=NPL-NHL 
N WAY S=N PL 
I F(NHL EQ.0) N4:AYS= 1 
IF(NHL.LT.2) GO TO 902 
DO 48 I RI S= 2, NHL 
48 N k'AY S= N WAY S* ( N PL- I RI S+ 1)/IRI S 
902 CONTINUE 
CORR=NWAYS*(NHL*FH(NPL)+NDL*FD(NPL))*ND(NDL+I)*NH(NHL+1)/ 
W(NN (NFL )*NPL)*ZD**NDL*ZH**NHL 
KEY=J-NHL-2*NDL 
IF(KEYLE.0) GO TO 4 
207 P(KEY)=P(KEY)-Cf1Rk*P(J) 
4 CONTINUE 
45 WRITE ( 6,300) 
300 FORMAT ( '0', 10X, 22HCC)RRECTED PEAK HEI GHTS) 
DO 125 K7=1,7 
125 KK(KZ)=B-KZ 
NHI GH=8-M 
WRI TE( 6, 1002) (BLANK,KK (KZ ),KZ=NHI GH, 7) 
WRITE(6,25) (P(J),J=1,M) 
4"RITE( 6, 1001) (E3LANK,LULU=1,N) 
ta!RITE (6,25) (P(J),J=S,K) 
DO 82 NHI GH= 1,M 
IFRAG=S-NHI GH 





DO 60 J=S,K 
IF (P(J)LT0.0) GO TO 60 
213 
TOTAL= TnTA.L +P (J) 
60 CONTINUE 
WRITE (f,400) 
400 FORMAT C '0', 10X, 30HPERCENTAGE DF I SOTDPI C SPECI ES) 
hWRITEC6, 1001) CBLANKLULU =I,N) 
DO 810 J =S,K 
810 PER(J) =PCJ) *100 /TOTAL 
WRITE(6,25) (PER(J),J =S,K) 
PHI =0.0 
DD 80 J =S,K 
L =J -S 
IF(PER(J)LT.0.0) GO TO 80 
PHI= PHI +L *PEF:(J) 
80 CONTINUE 
TE( 6,410) TIME, TOTAL, PHI 
410 FORMAT( '0',9X, 4HTIME,9X, 5HTUTAL,9X, 3HPHI /F14. 1, F15.2, F13.2) 
4RITEC6, 34) PHI 
34 FORMAT( '0 '.310X, 31HEINDMI AL DI STRI BUTIDN t' I TH PHI =, F9. 2, 2X ) 
YY= PHI /C 100 *N) 
XX= 1 0000 -YY 
DC 1 )= 100*XX**N 
JEAN=N+ 1 
DO 59 JIM =2, JEAN 
59 D( JIM)= DCJIM -1) *(JEAN- JIM +1) *YY /(XX *(JIM -1)) 
WRITE(6, 1001) CBLANK,LULU =1,N) 
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